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ABSTRACT 
Coarse-grained beaches are particularly prevalent in the UK, composed of 
accumulations of either gravely or mixed sand and gravel sediments. The aim of the wotk 
presented in this thesis is to improve capabilities for predicting coarse-grained beach 2D 
profile development. In particular, the effects of infiltration and sediment sorting are 
considered! 
In this study, the public domain numerical models XBeach (vI2) is developed 
further. This model was initially developed for studying sandy environments especially 
for the case of dune erosion. Here, the model is modified to enhance its capability to 
predict beach profile change on coarse-grained beaches. Improvements include: use of 
Lagrangian interpretation of velocity in place of Eulerian for driving sediment 
movement; introduction of a new morphological module based upon Soulsby's sediment 
transport equation for waves and currents; incorporation of Packwood's infiltration 
approach in the unsaturated area of the swash region; and implementation of a multiple 
sediment fraction algorithm for sediment sorting of mixed sediments. These changes are 
suggested and justified in order to significantly improve the application of this model to 
gravel and rtlixed beaches, especially with regard to swash velocity asymmetry which is 
responsible for development of the steep accretionary phase steep berm above waterline 
and sediment sorting. 
A comparison between model simulation and large scale experiments is presented 
with particular regard to the tendency for onshore transport and profile steepening during 
calm conditions; offshore transport and profile flattening during storm conditions; and 
sediment sorting in the swash zone. Data used for this and the model calibration comes 
from the Large Wave Chamiel (GWK) of the Coastal Research Centre (FZK) in 
Hannover, Germany. 
The results are found to agree well with the measured experimental data on 
gravel beach profile evolution. This is due to the inclusion of infiltration in the nipdel 
which weakens the backwash volume and velocity in a more satisfying manner than 
through the use of asymmetric swash friction and transport coefficient. 
The model also simulates sediment sorting of a mixed sediment beach. However, 
the profile comparisons were not satisfactory due to limitations of the numerical model 
such as the constant permeability rate used throughout the simulation and the non-
conservation of the sediment volume in the laboratory data by an order of 50%. From the 
simulation, it was found that the fine sediment moves offshore and the coarser sediment 
moves onshore. This is because of infiltration weakens the backwash velocity; the 
coarser sediment moving onshore barely moves back offshore while the fine sediment 
rernains in rnotion. This pattern agrees with the pattern obtained from sediment samples 
analysis in the experiment and provides an explanation for the existence of composite 
beaches. The model is also shown to be capable of switching from accretionary to 
erosive conditions as the wave conditions become more storm-like. Again, the model 
simulations were in a good agreement with the observations from the GWK dataset. 
Numerical model simulations on the effects of the tidal cycle on coarse-grained 
beach profile evolution were also carried out. This preliminary investigation showed that 
the model was able to predict the anticipated profile change associated with a coarse-
grained beach under such wave and tidal forcing. Tidally forced accretion and erosion 
were compared with those predicted under similar beach sediments and wave conditions 
for constant water level. The main differences are that the affected area is wider and the 
berm is located on the upper beach during flood for both gravel and mixed beaches. 
Therefore, the model developed in this study can be seen to be a robust tool with 
which to investigate cross-shore beach profile change oh coarse-grained beaches and 
sediment sorting on mixed beaches. Further work is also indicated. 
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CHAPTER 1: INTRODUCTION 
1.1 Background to Coarse-Grained Beach Research 
In coastal regions, the profile and shape of beaches are controlled by sediment 
transport processes. These, in turn, depend upon the natural force of waves and currents, 
sediment supply and removal, the geological features and coastal structures (e.g. seawall^ 
ports and harbours) on a particular coastline. Despite the focus of much coastal research 
resting oh sandy beaches, coarse-grained beaches are particularly prevalent in the UKj 
composed of accumulations of either gravel, or mixed sand and gravel sediments (Figure 
1.1). These type of beaches are common not only in the UK but also on mid and high 
latitude coasts (Carter and Orford, 1993). Approximately, one third of the beaches in 
England and Wales are classified as coarse-grained especially around the south of 
England (Lopez de San Roman-Bianco, 2003). Coarse-grained beaches are an important 
form of natural coastal defence and protect a backshore region of substantial urban areas^ 
agricultural, natural habitats, recreational and environmental assets (Lopez de San 
Roman-Bianco, 2003) against wave run up and storm surge. Beach berms on the upper 
coarse-grained beaches will also act as sediment supply on storm and during period of 
beach erosion (Baldock et al. 2005), Therefore, understanding the morphological 
behaviour of coarse-grained beach in response to short-term and long-term forcing is 
vital for coastal protection. 
Figure 1.1: Steep, bermed gravel beach (Hordle Cliff, UK). 
The complexity' of coastal processes makes it difficult to predict the 
morphological response to changing wave conditions and water levels accurateh'. In 
general, during swell conditions, the impetus for cross-shore sediment transport over 
coarse-grained beaches is onshore in the swash zone drix'en by asymmetr>' in flow 
N'elocity. This, increases the beach \olume. steepens the beach face and raises the crest 
elevation (Austin, 2005). Figure 1.2 shows illustrative profiles for gravel beaches during 
accretion. Even though coarse, steep beaches are relati\eh stable against wave attack, 
during periodic extreme storm events, larger, more energetic waves saturate the beach 
face and create significant erosion as the asymmetry is reduced. Therefore, the beach 
berm will also act as a sediment supply during this period (Baldock et al. 2005). Storms 
may cause a failure on coarse-grained beach barriers such as that which happened at 
Slapton beach, U.K in 2001 (Chadwick et al.. 2005). The storms attacked a point towards 
one end of this barrier beach. Although a breach did not occur, the road running the 
length of the barrier had to be diverted and set-back from the original route. Such 
2 
incidents highlight the dyn^iiic nature of such accumulations of sediment which is at 
odds with the engineers wish to tame these natural features iii a sustainable manner. 
Near shore 
Swash zone , 
V > . Beim 
1 1 
' Surf zone 
MSL 
Figure 1.2: Formation of accretionary benn (black line) on gravel beach. 
Indeed, as in the Slapton beach case, soft engineering approaches are often miich 
inore acceptable than using hard structures to maintain and protect eroding coastlines. 
The beach management plans increasingly use replenishment of an eroding beach with 
coarse-grained material or mixed sand and gravel as a preferred alternative (Mason et al. 
2007). Other soft approaches include beach drainage system where a porous drain pipe 
buried beneath the swash zone parallel to the shore. This technique artificially lowers the 
groundwater table hence increasing infiltration on the upper beach. Generally, this 
process will enliance accretion and retard erosion in the swash area (Law et al. 2002; 
loarmidis and Karambas, 2007). However, this approach only appropriate to sandy 
beadhes. 
It is thereforCj important to develop a reliable technique to predict the evolution 
of a beach consisting of coarse material. The understanding of steep coarse-grained 
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beaches is important because of their crucial role in shore protection against beach 
erosion and flood defence in coastal areas. Their steep terraces accumulate of coarser 
sediments provide protection pf the beach and cHffs from erosion. However, despite their 
importance as a beach defences, current knowledge of the behaviour of gravel beaches 
against wave and storms action is limited. 
1,2 Beach Morphology and Processes 
Simm et. al. (1996), have classified beaches into four categories based on the 
beach slope, grain material and their spatial distribution of sediment within a beach: 
1. Shingle (purely gravel) 
2. Shingle upper/sand lower (gravel on steep upper foreshore and sand on gentle 
lower foreshore with distinct boundary between them). 
3. Shingle/sand mixed (no clear spatial division exist between sand and gravel) 
4. Sand (purely sand) 
The term coarse-grained beach describes the first 3 of these categories. Most of 
these types of beaches consist of non-cohesive material. Shingle or gravel beaches have 
steep inclined slopes ranges from 1:12 to 1:4 (Jennings and Shulmeister 2002). The size 
of the grain particles on gravel beaches varies between 2 mm to 64 mm but sometimes 
cobbles which range between 64 mm to 256 mm can also be found (Pedrozo-Acuna, 
2005). Where a beach exhibits an upper coarse profile, separated from a sandy lower 
terrace, it can be classified as "composite" beach. Typically, the upper steep gravel slope 
is between 1:20 and 1:7 with the sandy low terrace between 1:33 and 1:10 (Jermings and 
Shulmeister, 2002). This kind of beach is typical of many mixed beach found in the UK 
(Lopez de San Roman-Bianco, 2003). The 3"^  category corresponds to a well mixed sand 
and gravel sedimentary structure which may have a moderate slope between 1:25 to 1:8 
(Jennings and Shulmeister, 2002). Carter and Orford (1993) also suggested two types of 
gravel beaches, classified according to the beach slope; a) a single slope from the beach 
crest to the Wave base, ignoring small berms and bars; b) composite slope from the beach 
crest to the wave base with a steep upper beach and gentle low terrace. Gravel and well 
mixed sand and gravel beaches are reflective throughout the tidal cycle because they 
have a steep slope (Mason et al. 1997), while composite beaches may be dissipative 
during ebb tide and reflective during flood tide mostly due to the change of gradient. 
Beaches can also be described as "dissipative" or "reflective" which pays 
reference to the steepness of the bedch profile and the type of wave-breaking on the 
beach, which are interconnected, Breaking waves on a beach can be categorised as 
spilling, plunging, collapsing or surging (e.g. Fredsoe and Deigaard, 1992, Reeve et al., 
2004). These breaking wave types can be determined by using the "surf similarity" 
equation (Battjes, 1974). 
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Where q is the surf similarity, fi is the angle of the beach slope, H is the wave height and 
L is the wave length. Collapsing {q > 3.3) and plunging (0.5 < ^ < 3.3) breakers are more 
likely to occur on coarse beaches, while spilling {q < 0.5) breakers are common on fine 
beaches (Carter and Orford, 1993). This is due to the different beach gradients, which are 
steeper on coarse beaches than on fine beaches. 
So, dissipative beaches are characterised as being high energy beaches with wide 
surf (> 100 m), low sloping beach (< 1°) composed of fine grains (e.g. sands). They are 
called dissipative because the waves break by spilling, starting far offshore so that the 
wave energy is dissipated over a large area (Bird, 2000). Reflective beaches form under 
low energy wave conditions on steep (6° - 12°) and narrow (~ 10 m) beaches composed 
of coarse material (e.g. coarse sand and gravel). In this case the beach is narrow and 
waves break (plunging/surging) close to the shore with part of the incident wave energy 
being reflected seawards (Bird, 2000). 
On steep beaches, undertow acts on a limited distance as the surf zone is narrow. 
Undertow is a seawards directed current which is caused by surface roller directed 
shoreward and waves breaking on the shore (Komar, 1976; Fredsoe and Deigaard, 1992). 
As waves break, the top of the wave crashes over the trough and the water frorn previous 
waves runs underneath them, creating a current which moves back to the sea. According 
to Pedrozo-Acuna (2005), undertow is less significant on steep beaches in comparison to 
gentle beaches frorii the results obtained in his model simulation. 
In coastal morphological studies, the nearshore zone is an important area which 
consists of surf zone and swash zone. In the surf zone, wave shoal, steepen then" break, 
creating a swash zone. The swash zone can be defined as the area between the limit of 
runup and the limit of rundown (Simm et. al,, 1996, Karunarathna et al. 2005), or the 
area that is intermittently covered and uncovered by wave runup and rundown (Puleo et. 
al., 2002). The swash zone may also extend over through the whole of the intertidal zone 
(Baldock et al. 1997). Swash zone processes affect the cross-shore beach morphology by 
influencing the rates of sediment transport and the deposition of sediment on the upper 
beachface. 
in the swash region of a shingle beach, gravel is carried upslope as far as the 
swash extends and deposited to produce a bemi in the upper-swash; this also leads to a 
steepening the beachface (Bradbury, 1998). This foreshore accretion and increase iri 
beach face slope are against the force of gravity which requires either the uprush and 
backwash velocities, or the amounts of sediment transported between uprush arid 
backwash, to be asymmetric (Aagaard and Hughes, 2006). 
Iri Table 1.1, a cornparison is provided of the difference between fine (sandy) and 
coarse-grained beaches. 
Table IJ : Morphodynamical comparison of sandy and gravel beaches 
Sandy beach 
• Gentle slope 
• Spilling breaker 
• Wide sutf zone 
• Undertow extends to a larger area 
• Dissipative beach 
• Can be treated as impermeable 
(fine grain i.e. sand) 
• Bed load and suspended load 
• Low asymmetry (i.e. velocity and 
swash transport) 
Gravel/mixed gravel beach 
• Steep slope 
• Plunging-surging breakers 
• Narrow surf zone 
• Undertow acts on limited short 
distance 
• Reflective beach 
• Permeable (coarse grain i.e. gravel) 
- variable saturation 
• Dominated by bed load 
• High asymmetry (i.e. velocity and 
swash transport) 
1.3 Review of Beach Modelling 
Because of the above, research on coarse-grained beaches has become very 
active. It is important to understand that, the balance of processes that govern such 
behaviour is different to that on sandy beaches, where, for instance infiltration is 
negligible. The complex processes associated with the ne^rshore on coarse beaches in 
particular make it difficult to predict the mbrphological changes accurately. Several 
modelling approaches of varying complexity have been reported. These include 
parametric models (e.g. Powell, 1990; Bemabeu et al., 2003) and process-based models 
(e.g. Kobayashi et al., 1987; Kobayashi et al., 1991; Masselink and Li, 2001; Karambas, 
2003; Clarke et al., 2004; Pedrozo-Acuna, 2005). 
Parametric models are robust, simpler and easy to apply but they often include 
extreme simplification or ignorance of the key morphological process. These models 
ignore the underlying physical processes and mostly relate the development of various 
features on the beach to wave conditions, beach slope and beach material characteristics. 
Some of parametric models are also called equilibrium beach profile models because 
they produce the predicted profile without depending on time, as the wave parameters 
and beach characteristics are taken as constant. Powell (1990) developed a parametric 
model to predict the beach profile by specifying wave parameters such as the significant 
wave height and peak wave period and beach characteristics such as the initial beach 
slope and sediment size. The model locates the predicted profile relative to the initial 
datum. Powell (1990) divided the profile into 3 parts called the berms/crest on the upper 
part of the profile, the transition/step on the middle part and the base on the lower part of 
the profile as shown in Figure 1.3. The berm is the area where deposition takes place and 
the base is the area where erosion takes place. 
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Figure 1.3: Schematic profile based on Powell's (1990) parametric model: initial profile 
(grey line); predicted profile (black line) 
In contrast, process based models take into consideration a more detailed 
explanation of the hydrodynamic and the sediment transport processes associated to the 
beach evolution. Kobayashi et al. (1987) used a nonlinear shallow water model to study 
the wave run-up and reflection on a rough slope. Later, Kobayashi et al. (1991) 
investigated the effects of permeability on wave reflection and runup on a rough slope 
from a small scale experiment. They found that a permeable slope will reduce wave 
setup, runup and reflection. Masselink and Li (2001) found that infiltration will increase 
swash asymmetry which enhance the onshore transport due to the reduction in the 
backwash depth and flo\v velocity. Eafch of these models has weaknesses and strerigths, 
but none is able to simulate all the important and complex processes that control gravel 
and mixed beach evolution. 
Karambas and Koutitas (2002) were able to simulate sandy beach erosion and 
accretion with a Boussinesq model incorporating the Dibajnia and Watanabe transport 
rate formulation (Dibajnia and Watanabe, 1996). The results obtained confirmed the 
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criterion proposed by Ahrens and Hands (1998) in discriminating between erosive and 
accretive conditions. The beach erosion and accretion criterion is parameterised by the 
ratio of near bed orbital wave velocity under wave trough to the sediment threshold 
velocity required to initiate the sediment movement. Karambas (2003) then coupled the 
previous model with a porous flow model based on the shallow water equations, hence 
allowing for infiltration/exfiltration, The infiltration-exfiltration was taken into account 
using a modified Shields parameter to investigate the effects of sediment stabilisation 
and destabilisation on the surface layer. He found that the onshore transport is increased 
for coarse sediment and reversed for fine sediment while small changes in the friction 
factor and grain sizes might change the direction of the sediment transport. However, 
those models were only tested and calibrated against sandy beach experiments. 
Therefore, a discussion on modelling coarse-grained beaches will be given next. 
1.3.1 Modelling approaches for gravel/shingle beach morphology 
Serious atternpts have been made to model sediment transport in the swash zone 
of coarse-grained beaches despite the complexity of the physical mechanisms involved. 
For instance, models by Wurjanto and Kobayashi (1993), van Gent (1994) and Clarke et 
al. (2004) simulate flow within and above a porous beach. Although these models allow 
for infiltration/exfiltration and have been validated for water depths and flow velocities, 
they have not been used to irfvestigate the effect of this process on sediment transport 
and beach profile evolution. Models for gravel beaches will now be discussed in more 
detail. 
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Powell (1990) is amongst the earliest researchers to investigate gravel beach 
changes: According to his work, the main factors influencing shingle beach profile 
evolution are wave height, wave period and wave duration, sediment size and angle of 
wave attack. Li et al. (2002) and Horn and Li (2006), used a numerical model 
(BeachWin) to simulate interaction of wave run-up/run-ddwn, beach groundwater flow, 
swash sediment transport, and beach profile changes, hi this model, the wave motion is 
modelled by using the non-linear shallow water equation and the sediment transport is 
modelled using the energetic-type transport equation of Bagnold (1966). They showed 
that swash infiltration will cause swash asymmetfy and enhance onshore transport. 
Therefore accretion on the upper beach is produced. 
Pedrozo-Acuiia et al. (2006) have investigated cross-shore profile change of 
gravel beach experimentally and numerically. The time-dependant morphodynamic 
model was developed from the Boussinesq model COULWAVE (Lynett et al., 2002) 
with moving shoreline boundary, coupled to a reductivist Meyer-Peter and MiJiler (1948) 
sediment transport formulation. They foimd that the tiumerical predictions were opposite 
to observations when the shear stress and transport efficiericy are maintained during both 
the uprush and the backwash phases. This created an incorrect offshore movement of 
sediment created by the gravity driven asymmetry of the swash velocity. By adjusting 
the transport efficiency with swash direction, a better predicfion of behaviour was 
obtained. This ad hoc adjustment of parameters was interpreted as an encapsulation of 
several sub-processes associated with infiltration of water into the porous beach-face and 
accelerated flow post-breaking. Before hand, Nielsen (2002) has used a similar approach 
to represent differences in bed shear stress due to accelerated flow on sandy beaches 
which used different transport efficiencies on uprush and backwash. Bakhtyar et ah 
(2009b) also obtained similar effect on the ratio of transport efficiency by using a 
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Reynolds Averaged Navier-Stokes (RANS) model from a very short period simulation. 
Stoker and Dodd (2005) included the effects of infiltration in their nonlinear shallow 
water equation model using the technique proposed by Packwood (1983). They found 
that infiltration was essential to produce and maintain deposition in the swash Irom the 
prediction of beach cusp formation on steep coarse-sand beach. 
Permeability is one of the beach properties that significantly influences the 
morphological change on gravel beaches and differentiates between gravel and sand 
beaches (Butt et al., 2001; Lopez de San Roman-Bianco, 2003; and Pedrozo-Acuna, 
2005). This is determined by porosity, sediment size and grading. Permeability on the 
beach will cause water to flow in (infiltration) and out (exfiltration) through the beach 
face and becomes more significant on highly permeable beaches. Numerical models for 
sandy beaches often ignore the infiltration and exfiltration effects on the swash zone 
because the permeability of sand is very small in comparison to gravel which can be 
several orders of magnitude larger. 
1.3.2 Modelling approaches for mixed beach morphology 
It is well observed that sedirhent parameters can vary horizontally and vertically 
as a result of the sorting and reworkiiig of sediment environments by hydrodynamic and 
aeolian processes operating over different regions of the nearshore. Mixed sediments can 
also be found on renourished beaches where materials used are significantly different to 
the indigenous one in terms of size and distribution. In order to retain the distribution of 
different sediment sizes within a given beach, Lopez de San Roman-Bianco, (2003) 
found that the beach step is usually composed of the coarsest material and is reasonably 
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well sorted while the beach crest is composed of coarse material wliich is very well 
sorted. Coates and Mason (1998) and Lopez de San Roman-Blarico et al. (2000) have set 
out the main limitations of current models which need to be addressed so they can be 
applied to mixed beaches. These are: 
• To incorporate a description of beach pemieability to account for infiltration and 
exfiltration 
• To model multiple sediment classes^ distribution of grain sizes, reflecting the 
sorting of natural sediments 
• To account for varying thresholds of motion 
• To account for varying sediment deposition in longshore, cross-shore and with 
depth. 
In term of sediment variation on a mixed beach, a simple empirical model was 
developed by McLaren and Bowles (1985) based on the statistical changes of sediment 
such as mean, sorting and skewness. The model is only suitable to predict the dominant 
direction of the sediment transport in a large domain area. A conceptual model on beach 
accretion profile for mixed sand alid gravel beach wag developed by Pontee et al. (2004) 
from observations in three different mixed sand and gravel beaches on the Suffolk coast, 
UK. 
Lawrence et al. (2002) stated that modelling of beaches consisting of a variety of 
grain sizes is complex. Sorting will occur so that transport processes tend to 
preferentially transport finer grains offshore and coarser grains onshore. Therefore^ 
Lawrence (2005) considered the behaviour for both single grain size and multiple grain 
sizes in his numerical model. For multiple grain size sediment transport model, a Hiding-
Exposure (HE) function was introduced to modify the shear stress according to the 
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relative presence of different grain sizes. Lawrence and Ch9dwick (2005) then simulated 
erosion and accretion of sediment along a mixed beach in front of a seawall. They found 
that the eroded area in fi-ont of the seawall consisted of coarser grain size than the initial 
grain material, while finer sediment was deposited on the bar offshore. However, none of 
the above works and model corisidered the combined effects of infiltration and sediment 
sorting which are important for explaining the observed features and behaviour on mixed 
beaches. 
1,4 Objective of the Study 
The aim of this work is to study and explairt profile changes on coarse-grained 
beaches. Thus, it can be seen that the initial objective will be to develop a robust tool that 
allows investigation of the hydrodynamics and morphological processes that are believed 
to most strongly control coarse-grained beach evolution. In particular the effect of 
permeability and sediment sorting of such beaches under the effect of mild wave 
conditions and under influence of storms will be investigated. This tool can then be 
evaluated to deterrnine its potential for explaining observed behaviour. 
As this study investigates beach profile evolution, the cross-shore effect is more 
significant. Cross-shore sediment transport can be described as the sediment being 
transported in the direction normal to the shoreline while long-shore transport is 
sediment that moving parallel to the shoreline. Cross-shore sediment transport is very 
important because the beach profile is formed due to the erosion and accretion associated 
with shore normal transport. The main assumptions in cross-shore sediment transport and 
beach profile change is that the situation is treated as two dimensional (2D) and the net 
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discharge in the parallel direction (Ipng-shore) of the coastline is zero (Fredsee and 
Deigaard, 1992). 
This study concentrates on beach profile changes over the "short" term, i.e. over 
the order of a few hundreds to thousands of waves, because most process^based 
modelling is limited to short term simulations only. Similarly, during this short period, 
cross-shore effects are more dominant in comparison to longrshore effects. Therefore, 
long-shore processes can be neglected in beach profile modelling over this short period, 
especially during storm events. Nevertheless, robustness and model stability will be an 
essential requirement and will facilitate further studies over longer time frames 
encompassing entire storms durations and tidal excursion. 
The research questions that are to be addressed are: 
1. How can beach profile change be predicted on coarse-grained beach? 
2. How does permeability affect the change of coarse-grained beach profile? 
3. Can both erosion and accretion be simulated with the same model? 
4. Why do composite beaches (sandy lower terrace, gravel upper bemi) exist? 
5. How is sediment sorted across mixed (sand with gravel) beaches? 
1.5 Structure of the Thesis 
The thesis is divided as follows: 
Chapter 2 presents a description of the physical processes related to the 
hydrodynamics and morphology on gravel and mixed beaches. These are: swash zone 
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processes; sediment transport rnode; bottom friction; breaking wave and bore turbulence; 
fluid acceleration; groundwater dynamics; in/exfiltratjon; tides; geotechnical influences 
arid sedinient sorting on mixed beaches. 
Chapter 3 consists of a brief description of the model and the experimental data 
used for model validation. The model is based on the public domain model, XBeach 
(vl2). The data used for model calibration and validation was obtained from the Large 
Waye Channel (GWK) of the Coastal Research Centre (FZK) in Hannover, Gennany. 
Initial comparisons of measured and simulated results were made to highlight the current 
limitations of the original model and the need for new implementations for the analysis 
of gravel and mixed beaches. Improvements to the model are then suggested and 
implemented. Chapter 4 consists of review of the sediment transport formulation used in 
the model, following which a more suitable formulation is suggested and implemented. 
Then, in Chapter 5, the modelling approach for infiltration and coarse-grained 
beach simulation is described. A pragmatic approach of including infiltration in the 
hydrodynamics is presented. The model is tested against the experiments and is shown to 
produce reasonable results. Next, a procedure for grain sorting is implemented and tested 
in Chapter 6. Later, a preliminary investigation on the effect of tidal cycling on coarse-
grained beach evolution is presented in Chapter 7. 
Finally, Chapter 8 summarises the conclusions, reflecting on the research 
questions. The thesis concludes with a discussion of the fiiture lines of work that have 
been identified throiigh the development of this research programme. 
16 
CHAPTER 2: COARSE-GRAINED BEACHES: MORPHOLOGY AND 
DYNAMICS 
2.1 Introduction 
Many works have been directed to determine the mechanisms and processes that 
bias the sediment transport onshore on cdarse-grained beach such as identified by 
Pedrozo-Acufia et al. (2007) which are the infiltration effects on the flow above the 
beachface, the accelerated flow in the uprush and the bore collapse near the bed; Hughes 
et al. (1997b) also stressed that infiltration/exfiltration and turbulence advection caused 
by breaking waves are a key elements in the swash zone sedirnent transport. 
During calm conditions, sediment transport on a coarse-grained beach is mainly 
onshore, increasing the beach volume and raising crest elevation. However, successive 
extreme storm events can erode the beach and the beach elevation is lowered which 
threatens its integrity as a natural coastal defence. Clearly, it is important to understand 
the behaviour and the processes involved on coarse-grained beach morphodynamics 
before any numerical or analytical prediction on the evolution of the beach can be made. 
Therefore, several processes and factors affecting the morphological changes of the 
coarse-grained beaches will be described next. 
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2.2 Swash Zone Processes 
The morphodynamic processes that must be considered when working with flows 
in the swash area have been reviewed by many researchers (Elfrink and Baldock, 2002; 
Masselink and Puleo, 2006 and references therein). 
The nearshore hydrodynamics on steep coarse-grained beaches are dominated by 
the swash zone (Buscombe and Masselink, 2006). The surf zone is correspondingly 
narrower and waves break at the swash near the shoreline hence most of morphological 
changes occur in this region. It has been recognised that the swash zone processes are 
more complex than further offshore, hence the sediment motion in this region is more 
complicated. A swash cycle consists of two components; the uprush, the landwards 
directed swash lens and; the backwash, the down slope movement of swash directed 
seawards (Hughes and BaldoCk, 2004 and Horn, 2002). The flows in the swash region 
commonly follow an oscillatory, positive landward and negative seaward flow with rapid 
acceleration and deceleration occurring during uprush and backwash (Foote et al. 2002). 
Swash backwash is not simply the reversed of swash uprush and therefore asymmetry 
exists (Hughes et al,, 1997a, Barnes et al. 2009). 
Generally, the flow during uprush is decelerating whilst in the backwash the flow 
is accelerating (Hughes et al. 1997a, Butt and Russell, 2000 and Elfrink and Baldock, 
2002). The uprush is dominated by bore turbulence, especially on steep beaches whilst 
the backwash is dominated by turbulent dissipation resulting from boundary layer 
formation near the bed. As a result, the sediment tends to be mixed into the water column 
and transported as suspended load during the uprush, whereas sheet flow and bedload 
transport dominate during backwash (Masselink and Puleo, 2006) with the backwash 
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duration is typically longer than uprush (Hughes et ah 1997a, Hughes and Baldock, 
2004). However^ this description is mostly applicable on sandy beacheS; 
Morphodynamic, processes in the swash area have been identified as being 
particularly significant factors that influence erosion and accretion of the shoreline 
(Puleo et al. 2000). Swash processes aie shaped by inner surf zone mechanisms and the 
topography of the beachface (Pedrozo-Acufia, 2005). During calm conditions most 
sediment transport is confined to the swash zone, while, during storm conditions; the 
sediment transport may occur over a larger nearshore region. On mixed beaches^ the 
majority of sediment transport still-occurs in the swash area (Mason and Coates, 2001-
Austin and Masselink^ 2006a). However, the effects of tidal excursion on the active area 
of sediment reworking cannot be ignofed. 
On mild sloping beaches, low-frequency (infra-gravity) waves are dominant and 
the flow in swash zone is driven by wave energy at the group frequency. In contrast, on 
steep beaches the motion in the swash is driven by short waves as a result of the 
unsaturated nature of the surf zones (Aagaard and Hughes, 2006 and Karunarathna and 
Chadwick, 2007). Short wave bores induce highly asymmetrical swash motions at 
incident wave frequencies as waves break close to the shoreline. Very narrow surf zones 
support just one relatively uniform breaker line, somewhat perpendicular to the beach 
face (Baldock et al., 1997; Baldock and Holmes, 1999). The swash zone can be 
characterised as having high free stream velocities in the run-up and run-down while the 
swash flow may become supercritical as the water depths rapidly decrease (Elfrink and 
Baldock, 2002). 
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Swash oscillations have strong influence on cross-shore sediment dynamics in the 
near-shore zone and affect the stability of the beach (Karunarathna et al. 2005). The 
orbital velocity in the swash zone is similar to or larger than that in the surf zone 
(Raubenheimer 2002), which means that the effect of waves on sediment transport is 
greater in the swash than the surf zone. Swash-swash interactions can occur on the 
beachface if the period of the incoming waves is less than the swash duration (Austin, 
2005). These interactions are listed in Austin (2005): 
i) Free swash - Swash that able to complete their uprush-backwash cycle. 
ii) Over-taking swash - Swash that move shorewards and overtake one another. 
iii) Over-riding swash - When two swashes run-up almost simultaneously and the 
latest uprush over-rides the earliest uprush. 
iv) Suppressed - When the backwash from one swash interacts and interferes with 
the following uprush. 
v) Composite - When multiple interactions occur within one swash 'event'. 
These interactions may affect the shoreline position, swash depth and swash 
velocity. In contrast, Erikson et al. (2005) described swash interactions based on two 
mechanisms which are catch-up/absorption and collision. Catch-up and absorption can 
be described as whether the incoming wave overtakes the first wave during uprush while; 
collision occurs when the incoming waves collides with the previous wave during 
backwash stages. Erikson et al. (2005) found that the total swash duration is much longer 
than the incident wave period on gentle beach and slightly shorter than the incident wave 
period on the steep beach due to the fact that run-up is "ballistic", not forced by wave 
period. Holland and Puleo (2001) showed that the presence of swash collisions might 
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describe whether the foreshore accretes or erodes on salidy beaches. Beach accretion 
might occurs where swash excursion times are of longer duration than the incident wave 
period whilst erosion is expected to occurs where the swash is of shorter time than the 
incoming,bore (Holland and Puleb, 2001). 
It is difficult to make measurements of swash zone hydrodynamics and sediment 
transport due to the small flow depths and the thinness of the active layer of sediment 
movement, especially in small-scale laboratory experiments. In the field, the flow depth 
is less restricted but overall conditions are much more variable (Butt and Russell 2000). 
From a field experiment at Slapton beach, UK, Austin and Masselink (2006b) observed 
that the discharge during backwash is weakened by 50% compared to the uprush. 
Therefore, sediment transported onshore barely moves offshore again unless conditions 
change. In Torere^ Bay of Plenty, New Zealand, lyamy and Kench (2006) used a 
trapping technique to collect sediment during uprush and backwash to confirm that slich 
an asymmetry exists in the swash sediment transport. 
2.3 Sediment Transport Modes in the Swash Zone 
Comlnonly, sediment can be transported in two modes. The first mode is the 
movement of sediment particles in contact with the bed such as rolling, jumping and 
sliding which is known as bed load (Fredsee and Deigaard 1992, and Chaiiier and De 
Meyer 1998). The second mode is the transport of particles moving through the water 
column tliiough suspension, and is known as suspended load (Soulsby 1997 and Reeve et 
al. 2004). In addition, sheet flow is an extension to the bed load. Sheet flow occurs at 
higher transport rates where several layer of sediments move (Reeve et al., 2004). There 
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is still some debate as to whether the sediment transport in the swash is dominantly 
controlled by bedload or suspended Joad. One characteristic that helps to determine 
whether the sediment is transported by bed load or suspended load is the settling velocity 
of the sediment (Reeve et al., 2004 and Lawrence, 2005). On coarse-grained beaches 
where the sediment is large and heavy, bed load can be considered as the dorhinant mode 
of transport in the swash area (e.g. Carter and Orford, 1993, Horn arid Mason, 1994, 
Soulsby, 1997, Reeve et al., 2004, Lawrence, 2005). 
Modelling nearshore sediment transport in a swash remains a challenge due the 
complexity of the hydrodynarnjcs and morphological processes involved. Integrated 
processes such as variations in water level (tide), breaking waves, turbulence, undertow, 
and topographic influence (slope and sediment properties) may induce different types of 
transport. As mentioned above, many studies on coarse-grained beaches have suggested 
that sediment transport in the swash is more significant than in other regions of the beach 
(eg: van Wellen et al. 2000, Pedrozo-Acuiia 2005). 
According to Elfrink and Baldock (2002), there are several factors that affect the 
sediment transport in the swash. These factors are: 
1. The size of the sediment. Coarser and heavier sediment, tend to be more stable. 
2. The gradient of the swash zone which may affect the stabiHty of sediment 
particles lay on the bed. 
3. The infiltration/exfihration which will affect the stability of the sediment 
particles due to changes in the effective weight and the bed shear stress. 
Several fonnulae for estimating sediment transport in coastal regions have been 
summarised in Soulsby (1997) while Schoonees and Theron (1995) review sediment 
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transport formulations in the cross-shore direction: As we deal with coarse-grained 
beaches, the predominant mode is jumping, rolling and sheet flow although intei-mitteiit 
suspension is possible. Hence, it is evident that the use of a bed load formulation is more 
apposite. 
2.4 Effects of Bottom Friction 
Bed shear stress is one of the most important hydrodynamics parameter for 
sediment transport. Recently, direct bed shear stress measurements in the swash have 
been performed during field experiments in Barret Beach, Fire Island, New York 
(Conley and Griffin, 2004) and laboratory experiments at the flumes in Hydraulics 
Laboratory; University of Queensland (Barnes and Baldock, 2007). But, most of bed 
shear stress measurements are often obtained indirectly from boundary layer velocity 
profile measurements. The bed shear stress estimation usually comes from inverse 
calculations where the shear stress is estimated from the observed free-stream flow 
velocity through a quadratic drag law (e.g. Cox et al., 2000 and Raubenheimer et al., 
2004). This necessitates an introduction of a friction factor. The friction factor is not 
straightforward to assess and relates to both the swash zone hydrodynamics and the 
sediment transport prediction. Therefore careful consideration of the friction factor 
approximation is important if correct assessment of its influence on the beach 
morphology is to be achieved. 
Cox et al. (2000) obtained a good estimation between the measurements and the 
friction factor represented using a quadratic law. In fact, the value of the friction factor 
throughout the swash cycle is not constant (Barnes et al. 2009) and varies among results 
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obtained by other researchers (e.g. Cox et al. 2000, Puleo and Holland 2001, 
Raubenheimer et al. 2004, and Barnes and Baldock 2007). This is partly due to the 
methods used to determine the friction factor, the conditions of the experiment, and the 
locations of where the measurements were performed (Barnes et al. 2009). 
There is a considerable debate in the literature concerning values of friction 
factor parameters for the bfed shear stress estimation in the swash. A common finding is 
that the friction factor differs between uprush and backwash. Cox et al. (2000), Conley 
and Griffin (2004), and Barnes and Baldock (2007), showing that the friction factor 
during the uprush is typically larger than in the backwash. Recent direct bed shear stress 
measurements with a shear plate in the laboratory have shown that the maximum uprush 
shear stress occurs at the leading edge of the swash (Barnes and Baldock, 2007 and 
Barnes et al. 2009). The maximum uprush bed shear stress is 2-4 times greater than the 
maximum backwash shear stress (Barnes et al. 2009). Conversely, field observations by 
Puleo and Holland (2001) produced friction factors which were larger during backwash 
than during uprush. Whilst Raubenheimer et al. (2004) reported that friction factor is 
similar between uprush and backwash based on field measurements of swash velocity 
profiles. 
Beach permeability would allow vertical fluid exchange through the bed altering 
bed shear stress (Puleo and Holland, 2001). Greater bed shear stress during the uprush 
has been attributed to infiltration while lower backwash shear stress is due to exfiltration 
(Conley and Inman, 1994, Nielsen et al. 2001), This higher shear stress is likely to 
enhance sediment pickup, leading to a greater bed load transport in the uprush. However, 
this variation of friction factor by itself was not able to reproduce the berm features 
measured on grayel and mixed beaches. On the other hand, the use of different friction 
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factors in each phase of the swash improves prediction of the beach profiles (Pedrozo-
Acuila et al. 2007). 
The determination of the empirical friction coefficient is still an active topic of 
research with no universal agreement from these works. Barnes et al. (2009) proposed 
that applying the quadratic law with the constant friction factor remains a useful 
engineering approach for morphological studies despite evidence of temporal and spatial 
variation in the friction factor. This is thus still appropriate for modelling sediinent 
transport on gravel beaches. 
2.5 Effects of Wave Breaking and Bore Turbulence 
As the waves propagate to the coast, the shoaling process leads to an increase in 
wave height. When the wave height is large enough to be around four fifths the water 
depth {H = O.lSh, with / / = wave height and h = water depth) it breaks. (Freds0e and 
Deigaard, 1992). Breaking waves are associated with large energy losses through 
turbulence and heat (Fredsoe and Deigaard, 1992). Christensen et al. (2002) defined 
waves breaking as a transformation of well-ordered wave energy into turbulent energy 
and subsequent heat dissipation. Broken waves propagate into the inner surf zone and 
swash zone as bores, before reaching the beacltface. Surface rollers will act as a trigger 
to initiate turbulence as waves break (Petti and Longo, 2001). This turbulence drives the 
uprush motion whereas the gravity forces drive the backwash (Petti and Longo, 2001): 
The turbulence associated with the collapsing bores can reach the bed and this can pick-
up sediment into motion irl the swash zone. 
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Ting and Kirby (1994, 1995, and 1996) found that the wave breaking type will 
strongly influence the turbulence intensity. Under spilling breaker, the offshore motion is 
maintained for a longer period than the onshore motion (Ting and Kirby, 1994). This will 
enhance the offshore sediment transport. Under plunging breakers, the velocity on the 
wave crest is much higher than the wave trough which means that the turbulence motion 
is shoreward directed (Ting and Kirby, 1994); Therefore, the turbulent energy dissipation 
of a plunging breaker takes place over a short distance (Butt et al. 2004), is shoreward 
directed and rapid (Ting and Kirby 1994, 1995, 1996). 
On steep beaches, the swash motion is driven by bores which collapse very near 
to the shoreline and which subsequently travel up the beach (Baldock and Holmes 1997). 
Here, the plunging breakers and bores are highly turbulent, and will probably transfer 
some of the turbulence to the swash lens, causing the turbulent intensity to be higher 
during the uprush than the backwash (Hughes et al. 1997b, Petti and Longo, 2001). The 
level of turbulence of plunging breakers (steep beach) is also more concentrated than the 
turbulence caused by spilling breakers on wide, dissipative surf beaches (Butt et al., 
2004). The wave crest on a plunging breaker will move forward and fall down at the 
trough in front of it, creating large vortices which may reach the bed and stir up the 
sediment (Pedrozo-Acufia, 2005). Puleo et al. (2000) showed that, even on sandy 
beaches, the high concentration of suspended sediment during the swash uprush is 
influenced by the turbulence generated by the collapsing bore. 
Plunging is typically the dominant mode of breaking on steep beach and therefore 
the impact Irom the plunging breaker could be expected to play an important role on 
gravel beach morphology (Figure 2.1), During upaish, plunging waves will impinge on 
the bed and dig out the sediments. As the flow is moving onshore, the lifted sediment 
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will be carried landward. Then, as infiltration take place, the backwash is weakens and 
the sediment remains on the upper beach. Pedrozo-Acuna et al. (2008) presented a 
conceptual model on the effect of plunging breakers on the stirring of bed sediment on 
steep gravel beaches. The conceptual model is based on the pressure transducer recorded 
during laboraton.' experiment. The\- stressed that, under similar wave forcing conditions, 
the impact of wa\"e breaking on sediment motion is more significant on steep gravel 
beaches than on sandy beaches. This is because the plunging occurs close to the shore, is 
\'er\' sudden and verv' close to the bed and therefore the bed will be strongh- influences 
by the wave impact (Pedrozo-Acuna et al.. 2008. 2010). They also found that steeper 
plunging breakers will produce a stronger \\a\e impact for two similar wave heights. 
Butt et al. (2004) found that, the sediment transport might increase if the turbulence from 
waves breaking reached the bed. Therefore. w'a\'e breaking and its associated turbulence 
is an important physical process that will enhance the mobilit> of sediment for transport 
during the uprush phase of the swash (Pedrozo-Acuna et al. 2008). However, in 
modelling an eye has to be kept on what type of breaking is modelled. 
Figure 2.1: Conceptualisation of sediment mobilisation under plunging breakers: (Left 
panel - Plunging about to collapse): (Middle panel - Plunging hit the bed): (Right panel 
- Consecuti\e flow carries sediment to upper beach) 
2.6 Effects of Fluid Acceleration 
In the swash zone, the fluid acceleration effects are more pronounced with a 
strong and rapid onshore acceleration imder the propagating bore and a weak and gradual 
acceleration during the backwash. The importance of fluid acceleration and its effect on 
sediment transport in the nearshore have been investigated by several researchers (e.g. 
Cox et al., 1991, Nielsen, 2002 and Pedrozo-Acuna et al., 2007). Nielsen (2002) and 
Puleo et al. (2003) have concluded that the strong onshore directed acceleration and the 
backwash deceleration are likely to affect sediment transport. Puleo et al. (2003) 
suggested that the inclusion of the acceleration term in sediment transport model may 
improve the morphological evolution prediction. Physical mechanisms such as bore 
turbulence and horizontal pressure gradients were typically associated with the 
accelerating portion of uprush and can be represented by an acceleration term introduced 
in the modelling. Nielsen and Callaghan (2003) provide a simple method to account the 
effects of fluid acceleration in sheet flow sediment transport under waves. They assumed 
that acceleration effects are confined within the thinner boundary layer where the bed 
shear stresses are enhanced dUe to abrupt acceleration of the stream flow. However, this 
method was only tested on sand. 
Later, results from the laboratory experiment by Terrile et al. (2006) show that 
flow acceleration is indeed important as it influence the initiation of sediment motion. 
Also, the predicted local acceleration has been shown to be nearly always offshore 
directed within the full extent of the swash zone (Baldock and Hughes, 2006). This view 
has been supported by more recent results obtained from a numerical model by Puleo et 
al. (2007). They found that onshore directed local acceleration occurred for a short 
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period only (less than 22% of the swash space-time history) at the begimiing and the eiid 
of the swash cycle. Therefore, this suggests that the local acceleration effect could only 
occur during these short period segments. 
Pedrozo-Acuna et al. (2007) investigated the importance of flow acceleration by 
including the acceleration term in the sediment transport equation. The results showed 
that an acceleration terni alone will not reproduce the benn profile but a combination of 
other factors, such as the inclusion of a higher sediment transport coefficient during the 
uprush than in the backwash improved the results. However, there was still a large 
discrepancy with experimental measurements. Therefore, on coarse-grained beaches 
there may be more than one proceiss that influences the predominance of onshore 
sediment transport, such as infiltration and turbulence due to plunging (Pedrozo-Acuna 
et al. 2007, 2009). 
2.7 Groundwater Dynamics 
An understanding of the interaction between the water flow and the groundwater 
flow within the beach is necessary to be able to make a good prediction of beach 
evolution, especially in the swash zone. The importance of groundwater dynamics on 
gravel beaches have been recognised as early as Carter and Or ford (1993), who found 
that water within the gravel beach came from two sources, which are sea water and 
groundwater. The interaction between the surface water flow and groundwater has been 
widely acknowledged as a key factor in controlling coarse-grained beach morphology 
(Mason and Coates 2001, Pedrozo-Acuna 2005, Austin 2005, Jennings and Shulmeister, 
2002, Elfrink and Baldock 2002), but the exact nature of the relationship between surface 
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flows, groundwater flow and cross-shore sediment transport is still not fiilly understood. 
Turner (1995) found that, under equivalent forcing conditions, in an unsaturated sandy 
beach, accretion may be enhanced whereas if the beach is saturated, then erosion will be 
enhanced. This is due to the effects of infiltration, seepage and boundary layer thickening 
and thinning. The higher the groundwater level in the backshore, the higher the offshore 
directed sediment transport as this reduces the infiltration rate (Quick, 1991). Lee et al. 
(2007) support this view from their laboratory experiment which shows that infiltration 
on low water table will increase accretion while exfiltration on high water table promote 
erosion. Higher groundvyater table will also cause higher breaking wave height and water 
depth, therefore strengthening the seawards velocity and enhancing erosion on the beach 
(Lee et al., 2009). Whilst lower water table enhances accretion on the upper beach 
producing beach bemi and steepen the beach gradient (Lee et al., 2007). 
The beach groundwater system is highly dynamic, with flows driven in and out 
through the unsaturated and saturated region of the beachface (Figure 2.2). The water 
table elevation on the beach is affected by the tidal elevation, waves, and to an extent the 
rainfall and also sediment properties such as size, shape, sorting, porosity and 
permeability (Foote et al., 2002). The uprush and the backwash on the swash will 
directly affect the shape and position of the groundwater table by altering the degree of 
saturation on the beach face (Butt and Russell, 2000). However, according to Hoque and 
Asano (2007), the beach groundwater table cannot response with the rapid swash up rush 
and backwash. A sufficiently low groundwater table will enhance infiltration on the dry 
foreshore during uprush motion. Conversely, a high groundwater table will enhance 
seepage especially during the backwash motion (Li and Barry, 2000, Hoque and Asano, 
2007). 
30 
Water Surface 
:• • feroimdwatef 
Exfiltratioti 
Figure 2.2: Schematic of groundwater system on a beach 
The water table (pliieatic) surface inside the beach is generally not flat. Several 
authors have shown that the water table is affected by tidal elevation, sloping seaward on 
a falling tide and landward on a rising tide (e.g. Turner 1993, 1995, Raubenheimer et al., 
1999, Horn, 2002, Kim et al., 2005, Horn, 2006, Lee et al., 2007). Kim et al. (2005) 
found that groundwater fluctuation varied according to the tidal period. Through a series 
of field measurements at Slapton beach, UK, Austin and Masselink (2006b) found that 
the groundwater level was closely linked to the tidal elevation throughout flood and ebb; 
Generally, Slapton beach is porous and penneable hence permits water to percolate 
quickly inside the beach. Greater pemieability on gravel beaches is expected to provide a 
quick response between the surface water and ground water compared to sandy beaches, 
thereby reducing the asymmetry observed in sandy beaches (Austin^ 2005). From the 
numerical model viewpoint, Lee et al. (2007) agree that the surface water and the 
groundwater are closely linked; their simulation results for a gravel beach showed there 
are different flow patterns due to changes in groundwater elevation. 
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The water table position with respect to mean sea level will affect the beach 
saturation level and the rate of in/ex filtration (Bakhtyar et al. 2009a). The groundwater 
level can be assumed as a continuation of the mean water surface into the beach, and 
therefore to have the same elevation as the tide (Horn, 2006). However, decoupling 
might occur betvyeen the tidal elevation and the groundwater leyel due to the elevated 
groundwater exit point and the shoreline (Figure 2.3). This occurs due to the rapid drop 
of tidal elevation compared to the gravity influenced of groundwater falls (Horn 2002, 
2006). Water seepage will develop below the exit point at the beachface and can be 
identified by visual observation of a glassy surface (Foote et al. 2002). This process can 
be usually observed on sandy beaches with a low permeability rate. On gravel beaches, 
the water table will react rapidly to tides and waves as the beach is highly permeable 
(Pedrozo-Acuna, 2005). Horn (2002) suggested that the water table exit point can be 
assumed as a boundary separating the lower saturated section from an upper unsaturated 
section of the beach. However, it is likely that the top few centimetres of the beach 
surface either are unsaturated or partly saturated even when the exit point is above the 
mean water elevation (Horn, 2002). Therefore, it is important to determine the relative 
position of the water table because of its relationship with the beach saturation level and 
also with beach infiltration/exfiltration processes. 
On a dry beach, most of the uprush water will infiltrate rapidly into the beach 
above the water table depending on the sediment characteristics and on the saturation 
level, which potentially enhance the onshore sediment transport. Infiltration reduces the 
flow depth and thus the velocity during backwash, allowing sediment to be deposited at 
the upper part of the beach (Horn 2002). On gravel beaches, the swash uprush will 
percolate very quickly into the unsaturated upper part of the beach, rather than going 
further up the slope (Lopez de San Roman-Bianco, 2003). This is contrary to the case of 
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a mixed beach which has little percolation into the beach in a slow manner, so that the 
swash lens keeps on running up the slope (Lopez de Sdn Roman-Bianco 2003): Due to 
this circumstance^ it is believed that permeability is th6 main beach characteristic/ 
parameter that influences the infiltration rate on the beach. 
hifiltration 
Watgr Surface 
Figure 2.3: Sketch of beach groundwater decoupled from surface water 
Most of these studies suggest that beaches with a low water table tend to accrete 
and beaches with a high water table tend to erode. This is due to the efFiciency of 
infiltration or exfiltration. Recently the possibility of modifying the water table to 
minimise sandy beach erosion for coastal protection purposes has been recognised by 
artificially lowering the water table through a system of buried perforated pipe drains and 
pumps (Law et al. 2002). The perforated pipe drains were generally installed parallel to 
the shore. This will function as a drainage system which will artificially reduce the water 
table elevation, increase infiltration and reduce backwash sediment transport. Several 
studies have investigated the use of this system as an alternative to hard engineering 
practices as a beach erosion prevention system (Law et al. 2002, loannidis and 
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Karambas, 2007). loannidis and Karambas (2007) found that by artificially lowering the 
groundwater level using beach drainage system, it may enhance accretion on accretive 
waves and retards erosion on erosive waves. 
2.8 Infittration and Exfiltration 
As discussed previously, the groundwater dynamics will affect the beach 
morphodynamics, especially in the swash area. The processes associated with the flow in 
and out the beachface and the interaction between surface water and groundwater are 
called infiltration and exfiltration. Infiltration can be defined as an inflow of water 
through the beach from the swash lens and exfiltration is an outflow of water from inside 
the beach into the swash lens. Both processes are determined by the hydraulic 
conductivity and local hydraulic gradient (Foote et al. 2002). Many studies have stressed 
the importance of infiltration to sediment transport in the swash region (e.g. Turner and 
MasSelink 1998, Turner and Nielsen 1997, Masselink and Li 2001, Mason and Coates 
2001) especially on coarse beaches (e.g. Austin and Masselink 2006a, 2006b, Pedrozo-
Acuila et al. 2006, 2007). The effect of infiltration is more significant on uprush than 
backwash (Packwood 1983) by increasing the sediment transport rate particularly during 
uprush (Turner and Masselink 1998). On the field, the effects of the flow in and out the 
beach can be observed by injecting dye at the upper beach as shown in Austin and 
Masselink (2006b). 
Infiltration and exfiltration across the beach has been known to be an important 
factor for swash zone sediment transport as well as for stability of the beach face. In the 
swash zone, infiltration is a more dominant process as the swash lens overtops onto the 
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beach face. However, according to Li and Barry (2000) seepage on the beachface will 
occur with a smaller magnitude and for a shorter period than infiltration where the swash 
depth is zero. The dry or unsaturated part of the beach will soak up the water in run-up 
and run-down and weaken the backwash because of the loss of energy through 
infiltration (Packwood 1983, Austin and Masselink 2006b). In/ex-filtration of water 
through the beach surface are expected to vary depending on several parameters such as 
groundwater levels, the permeability of the beach material and the degree of saturation 
on the beachface (Quick, 1991, Turner and Nielsen, 1997, Elfrink and Baldock 2002; 
Austin 2005, Bakhtyar et al. 2009a). Air encapsulation in the beach may also affecting 
infiltration. The air pockets may form in many ways such as during rapid infiltration 
where air may be trapped by infiltrating water and by-passed by a rising watertable 
(Baldock etal., 2001). 
According to the conclusions of Elfrink and Baldock (2002), Turner and 
Masselink (1998), Butt and Russell 2000, Nielsen et ah 2001 and Butt et al. (2001), the 
effects of infiltration and exfiltration on beach morphodynamic in the swash region can 
be summarised as follows: 
1. Reduction of backwash volume and duration (infiltration) 
2. Boundary layer thinning (infiltration) and thickening (exfiltration) 
3. hicrease (infiltration)/decrease (exfiltration) bed shear stress 
4. Stabilisation (infiltration)/destabilisation (exfiltration) of surface layer 
5. Change the effective weight of sediment f)articles 
The losses of water volume on backwash will lead to low mean and maximal 
flow velocities during run-down (Figure 2.4). However, it is expected that this effect will 
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be less significant on sandy beaches as the vertical flux through the beach face is small 
compared to the horizontal flux in the swash zone (Elfrink and Baldock 2002). 
Packwood (1983) showed that infiltration will increase the asymmetry of the flow above 
beachface by weakened the backwash from his numerical study using the non-linear 
shallow water wave equations. On a gravel beach, a significant proportion of the uprush 
will infiltrate into the beach and weaken the backwash (Pedrozo-Acuna 2005). 
Therefore, sedirrient transported onshore barely n^oyes to offshore again resulting in 
deposition on the upper beach. 
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Figure 2.4: Sketch of backwash weaken because of water losses through infiltration 
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Surface boundary layer thinning and thickening (Figure 2.5) is another effect 
associated with the in/exfiltration process (Turner, 1995, Turner and Masselink 1998, 
Butt and Russell 2000) as also shown by Conley and Inrnan (1994) from their 
observation on laboratory experiment. Due to these effects, the near-bed velocity and 
sediment transport potential is relatively greater during infiltration and smaller during 
exfiltration. As water infiltrates into the beach, the onshore shear stress is also increased 
because of the change in momeritum due to loss of water and vice versa for exfiltration 
(Quick 1991, Conley and Inman, 1994, Nielsen et al. 2001) 
Boundary layer thinning 
Bed shear stress increase 
Sediment stabilise 
- Boundary layer thickening 
- Bed shear stress decrease 
- Sediment destabilise 
Figure 2.5: Sketch of effect from infiltration and exfiltration on a beach (Top paiiel: 
Uprush and infiltration effect; Bottom panel: Backwash and exfiltration effect) 
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On the other hand, the stabilisation and destabilisation of the bed is identified as 
another consequence from inftltration-exfiltration (Figure 2.4). However, this mechanism 
may have an opposite effect to that of the boundary layer (Hughes et al. 1997a, Nielsen 
1997, Nielsen et ah 2001). Infiltration will exert a downward drag on the sediment which 
increases the effective weight of the sediment and stabilising the bed. Conversely, 
exfiUration will cause an upwards directed pressure gradient which reduce the effective 
weight of the sediment and destabilise the bed (Butt and Russell 2000, Nielsen et al. 
2001, Hoque and Asano 2007). Therefore, during uprush sediment transport potential is 
reduced and during backwash sediment transport potential is raised. Recently, these two 
opposing processes which are the changes of the effective weight of the sediment 
particle, and the changes of the boundary layer thickness have also been discussed in 
Hoque and Asano (2007). 
The implications of infiltration on sediment transport were identified as a 
decrease in the flow velocity during the backwash, lowering the capacity of the flow to 
transport sediments down the profile (Pedrozo-Acuna, 2005). Asymmetry exists in swash 
uprush and backwash where infiltration effect can be significant to the flow (Hughes et 
al., 1997a, Nielsen, 2002, Austin and Masselink 2006b) and morphological changes 
especially on gravel beach (Pedrozo-Acuna et al. 2007, Austin and Masselink 2006a). 
Swash infiltration increases the onshore asymmetry in the swash, thereby enhancing 
onshore movement of sediment (Masselink and Li, 2001). While exfiltration results in 
the asymmetry being reversed and thereby favours offshore sediment transport 
(Kulkami, 2004). According to Butt et al. (2001) and Karambas (2003), in/exfiltration 
will favour onshore movement for coarse grains and offshore movement for fine grains. 
38 
Based on numerical investigation by Masselink and Li (2001), infiltration had 
little effect on uprush flow velocity or duration, but significantly reduced backwash 
depth, flow velocity and duration hence enhancing onshore sediment transport resulting 
in relatively steep beachface gradient. The uprush and backwash velocity asymmetry 
increased as hydraulic conductivity increased: They found that infiltration occurs on both 
upnish and backwash on the unsaturated part of the swash. They indicate infiltration was 
only significant when hydraulic conductivity was greater than 1.0 cm/s based on their 
simulation. Later, Li et al. (2002) found that a low beach water table will encourage the 
formation of an accretionary profile on the beach due to the effects of swash infiltration. 
Karambas (2003) has modelled the effects of in/exfiUration with a Boussinesq 
model coupled with a porous flow model. He includes the effects of 
infiltration/exfiltration on sediment transport via a modified Shields parameter. He 
concluded that a relatively small change in friction factor and grain size might change 
the direction of the sediment transport; Clarke et al. (2004) developed a numerical model 
to simulate water flow in and above porous media based on the non-linear shallow water 
equation. The results showed that the model can accurately predicts the water depths and 
velocities measured on gravel beach at Slapton, UK. Whilst on predicting beach cusp 
formation on steep coarse beach, Stoker and Dodd (2005) and Dodd et al. (2008) 
simulation result showed that infiltration was essential to produce and maintain 
deposition m the swash. Pedrozo-Acuila et al. (2006, 2007) also stressed the importance 
of including infihfation in the numerical model on predicting gravel beach profile 
evolution. However, the effect of infiltration is represented by adjusting the sediment 
transport coefficient which is higher on uprush and lower on backwash. The simulation 
results showed that this adjustment will increase the onshore transport but the profile 
change is still not satisfactory against the measured experimental data. 
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More recently, Horn and Li (2006) tested the predictions of the "BeachWin" 
model against gravel beach data from Slapton, Devon, UK. Although some of the model 
assumptions are not suitable for gravel beaches, particularly the assumption of Darcian 
flow, it was able to predict the observed berm formation on the beach, suggesting that 
infiltration played a significant role in the short term profile evolution. Their simulations 
also showed that accretion on the upper beach face increased with increasing hydraulic 
conductivity and with a larger ratio of the uprush to the backwash coefficient whereas an 
increase in friction factor reduced the run-up elevation and berm development. 
It must be borne in mind that the amount of water infiltrated within the beach will 
depend on its permeability, thus depending on the sediment properties that comprise the 
beachface. Apart from that, the degree of soil saturation on the beach and existence of 
encapsulated air in the soil might also alter the rate of infiltration. Due to in/exfiltration, 
flow asyrnmetry exist and therefore affecting the sediment deposition patterns. Pedrozo-
Acufia et al. (2007) suggested that on a coarse-grained beach, asymmetry between 
onshore and offshore velocity plays an irnportant role in determining the direction and 
magnitude of sediment transport patterns. Therefore, these effects will be investigated 
further during this study. 
2.9 Tidal Influences on Beach Morphology 
Beach evolution is affected by the combination of waves and tide. Tide can be 
defined as the rise and fall of water level of the ocean surface due to the gravitational 
attraction between earth, moon and sun (Komar, 1976, Kamphuis, 2000 and Masselink 
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and Hughes, 2003). Generally, tide can be divided into two types which are diurnal and 
semidiurnal. Diurnal means one tide per day and semidiurnal means two tides per day. 
But most of the places, the periodic rise and fall of the water level is twice daily (Komai:; 
1976). Tides will not just directly affect coastal morphology but also navigation, 
fisheries, habitat and recreational activity (Kamphuis, 2000). Masselink and Short (1993) 
inade a classification of beaches based on the dimensioriless fall velocity and relative tide 
range. This conceptual beach classification can be used to detennine whether the beach 
is reflective or dissipative (Masselink and Short, 1993). 
Tidal fluctuations have a significant impact on the beach groundwater. Usually, 
the water table in a coastal aquifer fluctuates in response to the pressure of tidal 
fluctuations (Kim et al. 2005, Guo et al. 2007). The behaviour of groundwater fluctuation 
varies according to the tidal period (Kim et al. 2005). Duncan (1964) investigated the 
beach profile readjustment on a daily tidal cycle and found that water level rises faster 
than the water table during the flood than the ebb. Due to this circumstance, the water 
table is sloping shoreward on flood and sloping seaward on ebb (Figure 2.6). Therefore, 
on sandy beaches infiltration is more likely to occUr on the flood as the beach is 
relatively dry (Baird et al. 1998, Masselink and Li 2001). Seepage might occur during 
low water level (ebb), moving the fine sediment seaward (Carter and Orford, 1993). 
The effect of tides on beach morphology has been studied for many years (e.g. 
Duncan 1964, Masselink and Hegge, 1995, Kim et al. 2005, Austin and Buscombe^ 
2008). Beach berai will build up on the upper beach on flood and might be removed 
seaward on ebb due to seepage (Kulkarni et al. 2004). The sediment transport rate varies 
throughout the tidal cycle being greater during flood and lesser during ebb (Horn and 
Mason, 1994). Therefore, the berm might remain on the upper beach. According to 
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Powell (1990) tides will not affect the shape and slope of the gravel beach profile but it 
may determine the location of the profile on the beach face. However, Trim et al. (2002) 
found that under constant water level, the beach change is just around the mean water 
level while with tide the whole beach face will be affected. The tide will also increase the 
size of the benn and move the berm landward under swell condition and move the bar 
seaward under storm condition depending on the initial slope and wave climate (Trim et 
al. 2002). 
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Figure 2.6: Tide and groundwater level 
From a field observation, a beach step on a coarse-grained beach was observed to 
be mobile following the rising and falling of water level (lyamy and Kench, 2006). The 
sedirnent on the beach step was observed to be coarser and located at the wave breaking 
zone (Austin and Buscombe 2008). Berm developed on the upper beachface due to 
swash asymmetry favouring onshore transport and has a longer relaxation time linked to 
the spring to neap tidal cycle whilst the step has a shorter relaxation time linked to the 
daily tidal cycle (Austin and Buscombe, 2008). 
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2.10 Geotechnical Influences 
Sediment properties such as size, density and shape of the grain particles will 
affect the beach morphology. The distributions of the sediment on the beach which can 
be described by its unifomiity, grading and sorting will also affects the sediment 
movement on the beach under the actions of waves and ciirrerlts. The median size of 
sediment distribution, D50 is nonnally used to represent the material on the beach. 
However, under certain conditions especially on mixed beaches, it is arguable that 
median size can sufficiently represent the sediment distribution on the beach. Figure 2.7 
shows the sediment distribution that might exist on the beach. 
a. Well-graded 
b. Uniform 
00002)00 
c. Gap-graded / Bimodal 
Figure 2.7: Sediment grading 
Perineability is one of the factor influencing morphological change of the beach 
and this factor become more significant on coarse-grained beaches (e.g. Carter and 
Orford 1993, Van Wellen et al. 2000, Butt et al., 2001^ Masselink and Li 2001, Pedrozo-
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Acuna et al, 2006 and, Horn and Li 2006). Permeability rate, K, is also known as 
hydraulic conductivity which is a measure of the ease of fluid flows through a permeable 
material (Lopez de San Roman-Bianco, 2003). Ayerage value of perrneability rate for 
sand is about 0.001 m/s and may rise to 0.01 m/s on coarse sand while permeability on 
gravel can reached 1.0 m/s (Cedergren, 1967). Table 2.1 shows several references for the 
range of AT values. As average we can say that gravel can varies from 0.001 to LO m/s. 
Table 2.1; Typical values of permeability rate based on several references 
Reference 
Foote et al. (2002) 
Heath (1983) 
Freeze and Cherry 
(1979) 
Jackson and Dhir 
(1996) 
Bear (1972) 
Type of grains 
Sand 
Gravel 
Coarse sand 
Gravel 
Sand 
Gravel 
Uniform Coarse sand (0.5 
mm to 2 mm) 
Well-graded sand and 
gravel (0.05 mm to 10 mm) 
Sand 
Gravel 
Permeability rate, K (m/s) 
0.0001-0.01 
0.01-0.1 
0.0001-0.005 
0.001-0.08 
0.00001-0.01 
0.001-1.0 
0.004 (measured) 
0.0001 (measured) 
0.0001-0.01 
0.01-0.1 
According to Lopez de San Roman-Bianco (2003), the sediment properties 
controlling permeability are porosity, sediment size and grading while the fluid 
properties such as density and viscosity were also affect the permeability. Porosity is the 
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proportion of void volume to the total volume of materials and may vary between 0.25 
and 0.5 for granular materials (Freeze and Cherry, 1979). Jackson and Dhir (1996) have 
also listed several other factors that influence hydraulic conductivity, which are; 
• Size, shape and grading 
• Porosity 
• Arrangement of particles and stratification 
• Density of packing 
• Composition 
• Presence of air/gas (air encapsulation) 
Pemieability can be measured by using a piezometer (pumping test) in the field 
and using a pemieameter (falling head and constant head) in the laboratory (Vickers, 
1983). Since sediment size across and along the beach is not constant, it is unlikely that 
the permeability is constant. The values of hydraulic conductivity can vary up to 13 
orders of magnitude across the beach (Freeze and Cherry^ 1979^ Foote et al. 2002); 
Therefore, it should be noted that hydraulic conductivity varies both spatially and 
temporally on beaches, particularly on gravel and mixed beaches (Foote et al. 2002, 
Horn 2002) where the effects of infiltration are likely to have the greatest effect on beach 
profile evolution (Horn, 2006). 
Many equations have been developed to calculate permeability such as Hazen's 
formula (in Cedergren, 1967) which is the simplest equation and also Kozeny-Carinari's 
fonnula (in Odong, 2007). These two formulas are shown below: 
Hazen's formula: 
K = A^D,,' (2.1) 
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Where, K is permeability rate in mm/s, Ap is a constant (10-15 mm"'s"') and D/o is 10 % 
cumulative passing from sieve analysis (mm). 
Kozeny-Carman's (KC) formula: 
K^"" ' " ' ; (2.2) 
Where, n is porosity and Cp is a constant which can be approximated from the following 
equation: 
C - ( 8 . 3 x 1 0 " ' ) ^ (2.3) 
V 
Where, g is gravity and o is kinematic viscosity. Even though, these equations might be 
used to determine the rate of permeability for any sediment size, they are mostly only 
suitable to be used on fine grains (Carrier 2003, Odong 2007, Cheng and Chen, 2007), 
It should be noted that high porosity does not mean a high permeability as small 
grain sized sand may sometimes have a high porosity but a lower penneability in 
comparison to larger gravel size. There exists a complex interplay between this grain-
grain interaction and grain-water interaction makes it difficult to model morphological 
changes of the coarse-grained beach. 
2.11 Mixed Beach and Sediment Sorting 
The majority of coastal morphology research has been concerned with beaches 
comprised of a single grain size whether sand or gravel. In contrast, research on mixed 
sediments has lagged behind. According to Lopez de San Roman-Bianco (2003), the 
following factors arise when dealing with mixed gravel and sand beaches: 
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• The type of sediment mixture whether gap-graded (Figure 2.7 - c) or well-graded 
(Figure 2.7 - a) 
• The relative sizes between fine and coarse sediments 
• The relative percentages in the sediment mixture 
Mason and Coates (2001) have also outlined first and second order factors wliich 
particularly influence the sediment transport on mixed beaches. The first order factors 
are hydraulic conductivity, infiltration and groundwater, wave reflection and tlireshold of 
motion. Second order factors include the shape of the sedimentj specific gravity, and 
tidal range. Kulkarni et al. (2004) investigated the morphological changes of mixed 
beach in Teignmouth, UK. As a result of the field survey, they found that the beach 
erosion is related to graiii characteristics and seepage. However, accretion is related to 
the plunging breaker acting at the toe of the beach. But to what extent do these factors 
make the differences between mixed and shingle beach morphology? The sediment 
distribution of a mixed beach will affect its permeability because this is related to the 
amount of space in which fluid can flow. If the fluid path is blocked due to smaller 
grains fill the voids between largef grains, this effect will reduce the amount of fluid that 
can flow through hence reducing the pemieability of the beach (Lopez de San Roman-
Bianco, 2003). This was also stressed in Mason et al. (1997), that a pure gravel beach is 
highly penneable and a linear relationship exists between sediment size and beach slope. 
While on a mixed beach, there could be other mechanisms which are also important. 
Indeed, cliffing can occur in some mixtures leading to almost vertical structures. 
Furthermore, mixed beaches dissipate less energy through infiltration than a 
gravel beach due to the presence of sand among gravel reducing its permeability and 
consequently the sediment mobility of mixed beaches is enhanced (Masoii et al., 1997, 
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Ivamy and Kench, 2006). Pontee et al. (2004) concluded, based on their field 
observation, if beach permeability is reduced due to the existence of a sand fraction on a 
gravel beach, wave reflection is also increased, deposition rate in the swash is decreased 
and erosion may occur under severe wave condition. Commonly, they found larger 
particles are deposited earlier during backwash and finer particle deposited offshore, but 
sand can also be deposited inside the gravel bpach through infiltration. The crest height 
on a mixed beach was found to be lower than a gravel beach as observed from the 
experimental work by Pedrozo-Acuna et al. (2007) under similar wave conditions. They 
suggested that this effect is due to the sediment variation and permeability difference 
between gravel and mixed beaches. 
Sediment sorting may occur on mixed beaches as each grain size fraction 
response differently to the same flow regime ((^elikoglu et al. 2006). It has been 
estimated that if this sand fraction reaches about 25% in the mixture, the sediment 
mobility on mixed beach cannot be treated as similar to a grave) beach (Mason et al. 
1997, Mason and Coates 2001). From observations on the composite beach at 
Teignmouth, UK, Miles and Russell (2004) found a different behaviour on the upper 
coarse steep slope and fine low tide terrace under similar wave conditions. Sediment can 
be distributed and sorted horizontally and vertically forming a stratified layer of sand and 
gravel depending on the wave climate, grain size and beach slope ((Jelikoglu et al, 2006). 
Cross-shore sediment sorting has an important effect on sediment transport at the 
swash as larger grains may deposit and accumulate on step, cusp horns and bemis 
(Buscombe and Masselink 2006, Jennings and Shulmeister, 2002) and finer sediment 
deposited offshore (Lawrence et al. 2002). Silvester and Hsu (1997) found that finer or 
lighter sediment tend to be sorted seaward and coarser sediments are landward. Results 
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obtained on field experiment by Ivamy and Kench (2006) also showed that sediment 
transport during uprush and backwash is asymmetric. They obtained a different sediment 
size ranges on the swash using the trapping method. They found that larger sediment is 
trapped on the uprush and smaller sediment on the backwash proving that sorting occurs 
on mixed beach with fine sediment preferentially nloving offshore and large sediment 
deposited onshore. 
Modelling mixed sediment movement and sorting is a challenge due to the 
anangement of particles and stratification. Figure 2.8 shows non-uniform sediment 
mixture that could exist on a beach. Stratified layers and lijding/exposure of each 
sediment class can occur. On a mixed gravel and sand river bed, Pender and Li (1995, 
1996) found that modelling the sediment fractions individually numerically allows 
sediment sorting, which determines the time-varying composition of a sediment mixture. 
They also suggest that a hiding-exposure function be used, as fine sediment could be 
hidden between the coarse sediment and make it more difficult to be moved and vice 
versa. Later^ Wilcock et al. (2001) measured a transport rate for five different mixtures 
of sand and gravel in a laboratory flume in order to predict size sorting on the river bed. 
They found that gravel transport rate is more rapid for the mixture containing 14-27% of 
sand. Then, Wilcock arid Kenworthy (2002) developed a two fraction transport model for 
bimodal (gravel and sand) sediment on a river bed. Wilcock and Crowe (2003) extended 
the use of the previous model to incorporate a nonlinear effect of sand content on gravel 
transport rate by applying a hiding-exposure function which increases the mobility of 
coarser sediment compared to finer sediment. The liiding-exposure function gives the 
variation of the reference shear stress as a function of fraction size relative to the median 
size of the sediment on the bed surface. 
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Figure 2.8: Sediment mixture (hidden and exposed) 
Modelling beach morphodynamics is more complicated on mixed sand and 
gravel beaches. Pedrozo-Acuiia et al. (2007) modelled mixed beach evolution using a 
Boussinesq type equation coupled with morphological module. They found that by 
adjusting the sediment transport coefficient and fiiction factor during uprush and 
backwash, they could simulate the profile change of a mixed beach although the 
predicted profile was still not satisfactory. Lawrence (2005) also modelled a mixed beach 
evolution using a Boussinesq type equation. However the morphologic model considered 
multiple grain size fraction and a hiding-exposure effects. Later, Lawrence and 
Chadwick (2005) simulated erosion and accretion for mixed sediment in front of a 
seawall. They found that erosion in front of the seawall occurred which left a coarser 
mean diameter deposited in front of the sea wall, whilst the finer sizes moved offshore. 
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2.12 Summaiy 
The importance of coarse-grained beaches especially in the UK coastal 
euviroiiJiient makes it particularly significant to understand the behaviour. In summary, 
the processes that control coarse-grained beach morphology are still poorly understood. 
In particular, studies on mixed sand aiid gravel beaches are rare. Table 2.2 summarises 
the importance of the physical mechanisms and processes discussed in this chapter to the 
coarse-grained beach moiphology. 
Table 2.2: Summaiy of physical mechanisms and processes that affects gravel and 
mixed beach evolution (based on literature review in this chapter) 
[(H) High importance, (M) Medium importance and (L) Low importance or not present] 
Physical Mechanism 
Bottom friction (shear stress) 
Breaking wave (bore turbulence) 
Fluid acceleration 
Groundwater and tidal elevation differences 
hi/ex-filtration 
Bed load 
Suspended load 
Sediment sorting 
Gravel Beach 
H 
H 
L 
H 
H 
H 
L 
L 
Mixed Beach 
M 
H 
L 
M 
M 
H 
M 
H 
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These mechanisms cqn lead to a different mode of energy dissipation and 
sediment transport which may partially invalidate methods and models developed for 
sandy beaches, In this study, the effects of infiltration on the gravel beach profile 
evolution and sediment sorting on mixed beach will be investigated. Even though 
breakirig waves is an important phenomenon that may affect the sediment transport on 
coarse-grained beaches, it will not be investigated fiirther in this study. 
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CHAPTER 3: METHODOLOGY - NUMERICAL MODEL AND DATA REVIEW 
3.1 Mathematical Modelling 
There is currently no process model available that satisfactorily simulates the 
complex interaction of physical processes that drive the morphological evolution of 
coarse-grained beaches. The challenge is to minimise model complexity, increase 
stability and yet reproduce and explain the observations in sufficient detail. 
As mentioned above, several models can be used in describing the 
hydrodynamics and morphological processes in the coastal region such as conceptual, 
parametric, and process-based models. In conceptual models, the information from 
analytical/empirical formulae is analysed to create a map of concept (chart or figure) and 
the relationship between formulae (see, e.g. Masselink and Short, 1993; Lopez de San 
Roman-Bianco, 2003). In pararnetric models (see, e.g. Powell, 1990; Bemabeu et al. 
2003) several physical processes are neglected with the purpose of analysing in simple 
terms the influence of wave climate on the development of various features on the beach. 
This kind of model is simpler and easy to apply. But much less description of the 
physical processes involved in compaiisoii to the process-based model. Process based 
models are models with a more detailed description of the non-linear wave motions and 
kinematics, as well as sediment transport processes associated with the beach evolution 
(see, e.g. Karambas, 2003; Lawrence, 2005; Pedrozo-Acuiia, 2005). These models 
integrate and synthesise theoretical knowledge obtained from field observations and 
laboratoiy experiments. 
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Generally, computer modelling is recognised as an essential engineering tool for 
predicting nearshore hydrodynamics and the associated morphological developments of 
beaches. The hydrodynamics need to be computed before any morphological model can 
be applied. The simplest water wave theory is linear wave theory. It is a simplification of 
the general equations of water wave motion. The hydrodynamics in shallow water is 
traditionally approached by using the Non-linear Shallow Water Equations (NSWE). The 
equations were extracted from Navier Stokes equation by making the approximation that 
the pressure is hydrostatic and the velocity is uniform with depth. This velocity is the 
depth^averaged velocity. Later, the NSWE have been extended for use in a wider domain 
and deeper water. Boussinesq equations, on the other hand, are NSWE equations that 
include extra terms which account for the curvature of the streamlines on the pressure 
distribution (Madsen et al., 1991, Pedrozo-Acuna, 2005). Although, Navier Stokes 
solvers can be very accurate, they require intensive computational efforts which often 
render these numerical solutions impractical. 
Many researchers have used the NSWE for hydrodynaniics simulation (e.g. 
Kobayashi et al., 1987; Chadwick, 1991; Stoker and Dodd, 2005). Kobayashi et al. 
(1987) used NSWE to study wave run-up and reflection on rough slopes. Kobayashi and 
Desilva (1989) then extended the numerical algorithm to discuss wave transformation in 
surf and swash zone on steep and mild slopes. Irregular wave transformation was later 
included in Kobayashi and Wurjanto (1992). Wurjanto and Kobayashi (1993) then 
included the effect of permeability in the model to simulate a flow over a rough 
permeable slope. Chadwick (1991) also used NSWE model to predict longshore 
sediment transport of coarse sediment. Additional improvements of numerical models 
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based on the NSWE have recently been made such as those presented in Masselink and 
Li (2001), Clarke et al. (2004), and Stoker and Dodd (2005). 
The NSWE models can predict conect wave forms in shallow water but not so 
well further offshore, therefore such models will useful in the nearshore only (Pedrozo-
Acuna, 2005; Lawrence, 2005). However, NSWE models are more stable and 
computationally cheap to run. Boussinesq equations of low order can be computationally 
cheap to solve as well, but they are less accurate in highly non-linear situations such as in 
the breaker zone. Higher order Boussinesq equations are more accurate but become 
increasingly more computationally experisive (Lawrence, 2005). A more detailed 
description of Boussinesq type models with moving boundary techniques on wet and dry 
boundary capability can be found in Lynett et al. (2002). Boussinesq type models 
become impractical especially when coupled vvith morphological modules compared to 
NSWE model. Navier Stokes solvers provide a higher accuracy but these are 
computationally even more complicated and computationally expensive (Puleo et al. 
2002) than Boussinesq models. Therefore, normally Navier Stokes solver is currently 
impractical in coastal morphological models. 
Puleo et al. (2002) made some comparisons between two numerical models; 
Navier Stokes model and NSWE model against a large scale experiment at the Coastal 
and Hydraulics Laboratory of the U.S. Army Engineer Research and Development 
Centre in Vicksburg, Mississippi. As results, they found good agreement between 
models and experiments in relation to the surface elevation and the velocity across the 
inner surf zone; They only detected a small difference in the near bed velocity between 
those two models. Puleo et al. (2002) suggested that the flow in the swash zone is nearly 
depth unifonn or depth-averaged which implies in a shallow boundary layer. Therefore; 
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instead of using a higher order model with increasing complexity and computation time, 
a NSWE model may be suitable to be coupled with the sediment transport module to 
produce a feasible system for this study. 
3,2 Baseline Numerical Model 
Generally, three sub-models are coupled together in a process-based modelling of 
coastal morphodynamics. These are: 
i. The hydrodynamics sub-model (e.g. wave module, flow module) 
ii. An associated sediment transport sub-model 
iii. A bed level updating sub-model 
These sub-models are implemented in a loop system to ensure dynamic interaction and 
response between the elements consists in the numerical model. Therefore, a description 
on every sub-models used in the study will be described following those sequence. 
Most numerical models used in coastal morphodynamic modelling have been 
derived for sandy beaches. The numerical model used in this study is based on a two 
dimensional horizontal (2DH) numerical model, XBeach vl2, which provides a robust, 
flexible environment and numerically stable code while still providing accurate results in 
a reasonable computational time. In particular, XBeach vl2 is applicable to prediction of 
sandy beach dynamics and dune erosion (Roelvink et al., 2009 and McCall et al., 2010). 
Earlier, Vellinga (1986) developed a computer model from the basis of laboratory 
investigations for dune erosion predictions. The dune erosion profile was predicted based 
on the wave conditions during the storm, the water level and the grain size. Later, Larson 
and Kraus (1989) developed a numerical model to predict dune and beach erosion 
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produced by stomi surges and water levels. The model was empirically based and driven 
by the time series of wave height and periods^ time series of water levels (tides), grain 
size and initial profile shape. 
The XBeach model comprises of two dimensional horizontal (2DH) formulations 
for short wave propagation, flow, sediment transport and bottom changes for varying 
waves and flow conditions. The short wave propagation is derived from the time varying 
Wave Action Balance Equation (WABE) oil the scale of waves grouping. The WABE 
will solve the wave propagation, refraction and variation of wave action in x, y direction 
and over the directional space. The flow and long wave hydrodynamics is solved using a 
Non-linear Shallow Water Equation (1MSWE). Then, the morphological changes are 
calculated using the Soulsby-van Rijn (SvR) sediment transport equation. However, the 
sediment motion is not directly driven by the Lagrangian velocity obtained from the 
NSWE. The XBeach model used Eulerian velocities approximation to drive the sediment 
movement by deducting the Lagrangian velocity from the Stokes drift. This is done to 
account for the undertow or return flow on sandy beaches and dunes. The Eulerian 
representation will cause strong offshore directed velocity profiles on steep slopes which 
is very useful for sandy dune erosion scenarios, as presented in Roelvink et al. (2009) 
and McCall et al. (2010). In the case of one dimensional horizontal (IDH), this Eulerian 
velocity approximation has the form: 
UE =11 -u, (3.1) 
(3.2) 
phc 
where, u is the Lagrangian velocity obtained from the NSWE, UE represents the Eulerian 
velocity, «., the Stokes drift, p the density of water, h the water depth, £», the wave energy 
and c the wave celerity. 
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An avalanching process was also implemented in the XBeach model with 
separate criteria for critical slope on wet and dry points which provide a smooth and 
robust solution for slurnping of sand during dune erosion. The detailed description of the 
XBeach formulations can be found in the Appendix of this thesis and also in Roelvink et 
al. (2009) and van Thiel de Vries (2009). 
The applicability, calibration and validation of the model against laboratory 
experiments and field observations can be found in Roelvink et al. (2009), van Dongeren 
et al. (2009), van Thiel de Vries (2009), and McCall et ah (2010). However, the 
comparisons made in those studies were only for the case of sandy dune erosion. Ruiz de 
Alegria-Arzaburu et al. (2010) applied the latest version of XBeach (vl8) to a gravel 
beach in Slapton, UK, and were able to reproduce upper beach erosion during storms but 
overestimated the morphological changes. Althoilgh the XBeach model can be used on 
gravel beaches to predict storm erosion, it has not been shown yet to predict beach 
accretion, especially on a gravel beach. 
In this study, the XBeach model will be modified to extend its applicability to the 
prediction of coarse-grained beach profile evolution. Even though the model can be used 
for the 2DH environment, in this study, only the cross-shore direction is considered. For 
rnodel simulation, modification and calibration, a suitable set of data needs to be 
identified. For this work sorne previous experiments performed in the Large Wave 
Channel (GWK) were used and these will be now reviewed. 
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3.3 Reviews on the GWK Experiment 
The data used for the purpose of model calibration and validation was obtained 
from the project of "Large scale modelling of coarse grained beaches", undertaken at 
the Large Wave Channel (GWK) of the Coastal Research Centre (FZK) in Hannover, 
Germany; the data was presented in detail in Lopez de San Roman-Bianco (2003), Lopez 
de San Roman-Bianco et al. (2006) and Pedrozo-Acuna et al. (2006, 2007). A stimmar)' 
of the experimental work and measured data is presented in this chapter. 
The GWK flume is 342 m long, 7 m deep and 5 m wide with a permanent 
impermeable slope of 1:6 at the beach end. The wave paddle (pusher type motion) 
located at the other end of the flume can generate random waves of up to 2 m in height. 
For the irregular wave test series, the Jonswap spectrum was chosen as the reference 
spectrum to drive the wave paddle. The average beach slope set out for gravel and mixed 
beach is about 1:8. Figure 3.1 illustrates the experimental setup. Although both beaches 
were initially constructed at 1:8 slopes, they were not reshaped or remixed (in the case of 
the mixed beach) during the experimental procedure. Therefore, the initial condition for 
each test was the final profile from the previous test. This is because of beach reshaping 
and remixing in such a large facility is time consuming and not practical. 
The profile measurements were taken at the centre of the channel using a beach 
profiler (Figure of the profiler can be found in plate 4-5 of Lopez de San Roman-Bianco, 
2003). The beach profiler is used as it can measure beach profile quickly after each test 
without having to drain water out from the channel. The vertical error of the profiler is 
estimated to be around 50 mm which can be considered as reasonable for gravel 
sediment used in the experiments (Lopez de San Roman-Bianco et al. 2006). For 
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sediments sampling, samples were taken with a shovel at three different positions: at the 
beach step, at the SWL and at the berm on selected duration. These samples are 
important especial!}- on mixed beaches where sediment separation and sorting is 
expected to occur. 
1:6 
Impermeable 
240 260 280 
Chainage (m) 
Figure 3.1: GWK beach semp 
Two t>'pes of beaches were used for the experiments (gravel beach and mixed 
beach). The gravel had a sediment size between 16 and 32 mm, with a median diameter 
of Dfo=21 mm. The sediment used on the mixed beach experiment consisted of a mixture 
of about 30% sand and 70% gravel with median diameter. D^o^M mm. Table 3.1 and 
Figure 3.2 show sediment size distributions for both beaches. 
Table 3.1: Sediment size proportion for gravel and mixed beach 
Beach 
Gravel 
Mixed 
Di6 (mm) Dso (mm) 
17 21 
1 17 
D84 (mm) 
26 
23 
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Figure 3.2: Initial sediment size distributions for both beaches. 
Based on Table 4-1 in Lopez de San Roman-Bianco (2003). the porosity of both 
beaches varies in the collected samples (summarised in Table 3.2). The gravel beach 
porosit>' was found to vary slighth between 0.42 and 0.46 with approximately 0.44 as 
the average porosity. However, the porosity obtained from six samples on mixed 
sediment varies from 0.19 to 0.40. It was calculated that the average porosit\ is about 
0.27. 
Several test cases have been conducted during the experimental work on gravel 
and mixed beaches. Table 4 of Lopez de San Roman-Bianco et al. (2006) show the test 
experiments in chronological order, so, the sequence of each test can be extracted from 
that table. From the table, in can be deduced that the mixed beach tests were started after 
10 gravel beach tests were conducted. See Lopez de San Roman-Bianco et al. (2006) for 
details. Here. Table 3.3 shows the summarv of the selected test cases to be used in this 
study. 
Table 3.2: Sediment samples for porosity (sources: Lopez de San Roman-Bianco, 2003) 
Gravel beach 
Samples 
GRl 
GR2 
GR3 
GR4 
GR5 
GR6 
Porosity, n 
0.42 
0.44 
0.46 
0.44 
0.45 
0.43 
Mixed beach 
Samples 
MXl 
MX2 
MX3 
MX4 
MX5 
MX6 
Porositj', n 
0.38 
0.40 
0.19 
0.20 
0.22 
0.25 
Table 3.3: Table of test cases for the purpose of calibration and validation 
Beach* 
Gravel 
Mixed 
Mixed 
Test 
No.* 
Test 1 
Testl 
Test 10 
File name* 
(Reference no.) 
J473206 
J473206 
J344110 
Wave Height 
0.6 
0.6 
1.0 
Wave Period 
3.22 
3.22 
4.1 
Water depth 
h{m)\ 
4.7 
4.7 
3.4 ' 
*Note: The beach, test number and file name were based on Table 4 of Lopez de San 
Roman-Bianco et al. (2006) 
Throughout the tests conducted in the GWK experiments, only one erosive 
condition was set up during the experiment which is Mixed - Test 10 as shown in Table 
3.3. All other tests conducted in the experiment produced accretive profiles. However, no 
sediment samples were taken during this erosive condition test. 
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3.3.1 Beach profile results of Gravel - Test 1 
The experimental results for beach profile change on Gravel - Test 1 are shown 
in Figure 3.3 top panel and the bottom panel shows the differential changes of the profile 
change and initial beach profile. 
3.0 4 
255 257 2S9 261 263 265 
Chainage. (m) 
267 269 271 
-0.4 
255 257 259 261 263 265 
Chainage. (m) 
267 269 271 
Figure 3.3: Gravel - Test 1 results after 500 (dashed blue). 1500 (dashed-dot red) and 
3000 waves (green): top - beach profile evolution and; bottom - differential changes 
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From the analysis of patterns of erosion and deposition of sediment volume, it 
was found that the deposited volume is about 10% less than the eroded volume. This can 
be due to the measurement error and settlement and compaction from the effect of waves 
and currents (Lopez de San Roman-Bianco, 2003). 
3.3.2 Beach profile results of Mixed - Test 1 
The sediment used on Mixed -Test 1 consisted of a mixture of about 30% sand 
and 70% gravel. The gravel was thoroughly mixed with the sand in order to achieve a 
uniform mixture before being shaped. The results for beach profile change on Mixed -
Test 1 are shown in Figure 3.4 top panel and the bottom panel shows the differential 
changes of the profile change and initial beach profile. It was found that on a mixed 
beach the profile took longer to develop compared to that on a gravel beach under the 
same wave conditions. It was found that the total volumetric changes for this case was 
about 40% less than the Gravel - Test 1 for the same wave conditions. This indicates that 
the sediment mobility of the gravel beach is greater than the mixed beach. The deposited 
volume is about 50% less than the eroded volume in this test as shown in Figure 3.4 
bottom panel. Therefore, the sediment volume is not conserved. There could be some 
mechanism at the origin of this large difference between the eroded and deposited 
volume apart from the measurement error, settlement and compaction on the beach. 
Indeed, it is believed that the sand on this mixed beach is likely to be settling deeper in 
the beach through seepage and to be filling the pore space between the gravel sediment 
(Figure 3.7) and also fine sediment tends to move offshore and be deposited in a thin 
layer without apparently changing the profile. 
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Figure 3.4: Mixed - Test 1 results after 500 (dashed blue). 1500 (dashed-dot red) and 
3000 waves (green): top - beach profile evolution and; bottom - differential changes 
For this mixed beach case, there were six sediment samples taken at three 
different locations on the beach surface after 500 wa\es (Figure 3.5) and after 4500 
waves (Figure 3.6). The sediment samples were taken using a big shovel. Initialh'. the 
sediment composition on the beach can be separated into 32% of sediment with a Dyg of 
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1 mm. 36% with D50 of 17 mm and another 32% with Ds4 of 23 mm as showTi in Table 
3.1 and Figure 3.2. The Djc will represent sediment less than 2 mm, D50 represent 
sediment between 2 to 20 mm and Dfi4 represent sediment larger than 20 mm. These 
sediment classes were obtained from the sie\e analysis (see Figure 3.2). Table 3.4 shows 
the sediment composition represented b}' each sediment class at three different chainage 
locations after 500 waves and 4500 waves. Analysis obtained on Figure 3.5. Figure 3.6 
and Table 3.4 show that it is possible that the mechanism of fine sediment settling deeper 
into the beach or moving further offshore has occurred as the fine sediment on the upper 
beach surface was found to be lesser than its initial composition after 500 waves and 
gone after 4500 waves. As the sediment samples were taken by using a big shovel, there 
were also a possibilit>' that some of the fme sediments may fall back to the flume. 
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Figure 3.5: Samples analysis on Mixed -Test 1 after 500 waves 
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Figure 3.6: Samples analysis on Mixed -Test 1 after 4500 waves 
Table 3.4: Sediment composition percentage for each sediment classes after 500 and 
4500 waves 
Location 
Fraction 
Sediment 
composition 
(500 waves) 
Sediment 
composition 
(4500 waves) 
Step 
@ Chainage 265 m 
i 
14% 
0% 
54% 
44% 
Ds4 
32% 
56% 
SW'X 
@ Chainage 266.5 m 
Die 
11% 
0% 
Dio 
50% 
60% 
Ds4 
39% 
40% 
Crest 
@ Chainage 268 m 
Di, 
0% 
0% 
Dio 
50% 
40% 
DH4 
50% 
60% 
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3.3.3 Beach profile results of Mixed - Test 10 
Mixed - Test 10 is designed for erosive conditions as in the whole test during the 
GWK experiment, only accretive profiles were obtained. Therefore, to achieve this, the 
wave condition is set larger (Hs = 1.0 m and Tp = 4.\ s) with a lower water level (SWL = 
3.4 m). Figure 3.7 top panel shows the beach profile change and the bottom panel shows 
the differential changes after 500 waves. It was found that with larger wave conditions 
on this beach, the erosion profile was obtained. However, there were no sediment 
samples collected during this test hence the sediment composition of this mixed beach is 
not known. As this test had been run after several test cases and thousands of waves on 
this mixed beach, the sediment volume error between erosion and deposition is small, 
about 8% only. It is believed that as this test case was run on a lower water level (SWL = 
3.4 m) and after several tests, the fine sediment on this area could be higher than the 
mixed - test 1. Therefore, the beach was already compacted and the pores between the 
gravel grains had been filled up with the fine grains. 
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Figure 3.7: Mixed - Test 10 result after 500 waves (top - beach profile evolution and; 
bottom - differential changes) 
3.4 Simulation Result of XBeach vl2 
The Xbeach vl2 is used to simulate the experimental conditions given in the 
previous section. The results obtained are presented here in Figure 3.8 and Figure 3.9. 
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This test case is based on the gravel beach case of GWK experiment, which corresponds 
to Gravel - Test 1 on Table 3.3: 
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Figure 3.8: Simulation using unmodified XBeach \ 12: initial beach profile (dotted); 
profile after 500 waxes (blue): measured profile (dashed red) -HK = 0.6 m. Tp = 3.2 s, 
Dio = 21 mm 
0.5 
0.0 
.^ -0.5 
(A 
= -1.0 
-1.5 
-2.0 
^ ^ M _ ^^^ " 
•^. ' - V 
f / 
I 
I 
^*' ••••••••-it-
255 257 259 261 263 265 267 269 271 
Chajnage (m) 
Figure 3.9: Velocit\ envelope for 500 waxes illustrating offshore skewness 
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For this simulation (see Fig 3.8 and 3.9) the Soulsby - van Rijn (SvR) transport 
formulation has been used with the gravel D50 = 21 mm - i.e. beyond the limit of its 
applicability, for illustrative purposes only. As a result, the volume changes across the 
profile can be seen to be much less than observed in the experiment after 500 waves. 
Although the SvR equation describes combined bed and suspended load, it has only been 
validated for £>5o< 2 mm. Thus choice of a gravel formulation is necessary for 
improvement. Furthermore, it can be seen that the small amount of sediment movement 
is in the offshore direction, eroded from above the still water line (SWL, elevation = 4.7 
m). This pattern is opposite to that of the typical evolution of an initially flat gravel 
beach profile illustrated previously in Figure 1.2. It is believed that the effect from the 
return flow assumption in the model contributes to the movement of sediment away from 
the shore. This is evident in the velocity envelope (Figure 3.9) obtained from the 
maximum offshore and onshore velocities for 500 waves. It can be seen to be highly 
skewed offshore, a feature exaggerated by the use of the Eulerian velocitj' that helps to 
mimic the effects of return flow in the model. Hence offshore movement of sediment is 
enhanced. 
3.5 XBeach vl2 Return Flow Discussion 
From the above, it can be seen that it is necessary to change the sediment 
transport formulation and to reconsider the use of Eulerian velocity approximation to 
drive the sediment transport. The latter is considered first. In terms of measurement, the 
Eulerian assumption considers the velocity changes at a fixed frame of reference in the 
water column while the Lagrangian frame of reference is to travel with the particle and 
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record the temporal variations (Silvester and Hsu, 1997). However, Silvester and Hsu 
(1997) found that the Eulerian and Lagrangian velocit>' representations will give similar 
values at positions close to the bed. Therefore, it is believed that the Eulerian 
representation in the model is mostly an approximation to represent return flow on sandy 
dune erosion. 
Numerically, Pedrozo-Acuna et al. (2006) found that undertow or return flow is 
weak and insignificant over a steep gravel beach. Lara et al. (2002) discussed the 
differences between water surface envelopes and undertow over impermeable and 
permeable beds from a laboratory experiment. They showed that the effect of a 
permeable bed on the undertow is a reduction of the velocit>' profile close to the bed. 
This effect was more important in decreasing water depth. Later, Pedrozo-Acuna (2005) 
discussed the importance of undertow numerically using a Boussinesq-type model on 
highly permeable gravel beach, with a steep foreface and a narrow surf zone. He found 
that the difference in terms of the velocity envelope between the model wdth undertow 
and without undertow on this t>'pe of beaches is very small. It means that the roller 
contribution to return flow and undertow is minimal due to the narrowness of the surf 
zone. Whilst for sandy beaches with mild slopes, undertow can be seen as significant 
(Ting and Kirby, 1994). 
This discussion also agreed well with the results obtained by Ting and Kirby 
(1994) which showed that from their laboratory' experiments, the undertow is higher 
under spilling breakers (gentle slope) than plunging breakers (steep slope). Therefore, the 
Lagrangian velocity from the hydrodynamic module could directly be employed in the 
sediment transport equation in the morphological module. Tang et al. (2009) and Nam et 
al. (2009) who used a similar t>'pe of model also used the velocity' obtained from NSWE 
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to drive the sediment motion. Tang et al. (2009) illustrate the interactions among waves, 
currents, and seabed riiorpholog}' for dam-break over a mobile-bed and evolution of a 
wave-driven sand dune. Furthermore, Nam et al. (2009) found that their model was 
capable of predicting the nearshore waves, wave-induced current, and sediment 
transport, in comparison to the data sets from the large-scale sediment transport facility 
(LSTF) at the Coastal and Hydraulics Laboratory of the U.S. Army Engineer Research 
and Development Centre in Vicksburg, Mississippi. 
Thus, it is argued that the Lagrangian velocit}' calculated directly from NSWE 
should be used in this study. The result once the Eulerian approximation for the velocity-
is removed is sho•\^ 'n in Figure 3.10 for the same test case (Gravel - Test 1 on Table 3.3). 
This result has also been discussed in Jamal et al. (2010a, 2010b). The velocit>' profile 
envelope shows that the onshore and offshore velocities are now less asymmetric in line 
with expectation. However, if the XBeach morphological module is used to calculate the 
profile change, no profile change is found. This is due to the fact that the magnitude of 
the onshore and the offshore velocity now is lower than the threshold velocity for the 
sediment compared to the much higher offshore velocity magnitude originally obtained 
with the Eulerian approximation. It is believed that the SvR equation (Soulsby 1997) is 
not suitable to be used here. Indeed, this is well known, since Soulsby (1997) states that 
the SvR equation is only appropriate for sediment less than 2 mm and the tests here serve 
only as illustrative confirmation. 
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Figure 3.10: Lagrangian velocity envelope obtained from NSWE for 500 waves on 
Gravel - Testl. 
3.6 Summarv 
The process-based model that will form the basis of this investigation is 
introduced here and is based on the XBeach model. The hydrodynamics of XBeach 
consists of a wave action balance equation including a roller energy equation and a non-
linear shallow water equation. The dataset obtained from the GWK experiment 
conducted in 2002 is used for the model simulation, comparison and calibration (for 
details see Lopez de San Roman-Bianco, 2003, Lopez de San Roman-Bianco et al., 
2006, Pedrozo-Acuna 2003, and Pedrozo-Acuna et al. 2006, 2007). The GWK 
experiment was conducted for two types of beaches, which are gravel and mixed (sand 
and gravel). Three test cases were identified which representing an accretive beach 
(gravel and mixed beach) and an erosive beach (mixed beach). 
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However from the initial discussion, the Eulerian velocity formulatibn is removed 
from the model because it is considered to over-exaggerate the offshore velocity 
weakening the onshore velocity asymmetry of the swash oh steep beaches. This might 
appear an ad hoc adjustment, however the same criticism might be levelled at the 
decision to adopt an Eulerian representation in the first instance. Indeed, the approach 
adopted here is further supported by several reported studies on steep gravel beaches 
which conclude that the return flow and the undertow are less significant on steep, 
permeable beaches. Therefore, the numerical model used on this study only used the 
WABE module and NSWE module with the removal of Eulerian approximation from the 
XBeach model. In summary, a variant of the XBeach model will be derived from the 
original XBeach model, for use on steep coarse-grained beaches with the first 
modification of Eulerian velocity removal and the use of Lagrangian velocity obtained 
from NSWE to drive the sediment transport. 
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CHAPTER 4: MODELLING SEDIMENT TRANSPORT 
4.1 Introduction to Sediment Transport 
The second part of the process-based model loop system is quantifying sediment 
transport. A suitable sediment transport equation needs to be determined before the bed 
level changes can be calculated. Many sediment transport equations and their 
applicability have been proposed and discussed (e.g. Soulsby, 1997; Camenen and 
Larroude, 2003). These equations derived the sediment transport rate from different flow 
fields and materials. However, the majority of the transport formulae were originally 
developed for steady flows in channels before being extended to coastal morphology 
computations. Soulsby (1997) has summarised a number of formulae for estimating 
sediment transport in a coastal region together with the typical errors and uncertainties 
associated with various sediment transport model input parameters; indeed, there are 
many uncertainties associated with these various sediment transport formulations. The 
main uncertainty is the use of a representative grain diameter, because in typical beaches, 
the sediment size distribution varies spatially and temporally; however, many 
formulations neglect such variations. In this chapter, a suitable sediment transport 
equation for coarse sediment transport is reviewed next. 
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4.2 Sediment Threshold of Motion 
Threshold of rriotion can be described as the moment or the condition when the 
sediment on the bed is just about to be set into motion by the flow of water. In other 
words, the threshold of motion is the balance between the mobilising force (shear) and 
the stabilising force (gravity). Most work on the initiation of motion of sediment 
particles is underlined in the Shields diagram shown in Figure 4.1 (Soulsby, 1997). The 
threshold parameter gives the tlireshold of motion in terms of the ratio between the bed 
shear stress acting to move a grain on the bed and the submerged weight Of the grain to 
counteract this. 
The Shields parameter (Shields, 1936) is defined as: 
0= ^— (4.1) 
g ( p , . - p ) A o 
where r is the bed shear stress, Dso is the median grain diameter^ g is the gravity 
acceleration, p is density of water and ps is density of sediment. 
Current and wave Shields parameters are defined in terms of the bed shear 
stresses, TC and r„, for current ^nd wave^ respectively: 
^ c = / c p | " | " (4-2) 
^.=\pfA. (4.3) 
where /(. is the bed friction due to the flow; /J, is the bed skin friction due to the wave^ u 
is the near bed flow velocity and M„ is the wave orbital velocity at the bed. 
77 
The critical Shields parameter is the effective Shields parameter at which 
sediment begins to move; it is represented as 9cr as shown in the following equation: 
e = 
gip.-p)D, (4.4) 50 
where, r^ is the critical shear stress. Hence, sediment flow occurs if 6>6cr. A Shield's 
diagram (see Figure 5.1) was produced from the above equation to identify the 
relationship between the critical Shields parameter and the dimensionless grain diameter 
given by: 
A gis-\) 
u" 
a 50 (4.5) 
where u is the kinematic viscosity of water and s is the relative density (s=p/p) 
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Figure 4,1; Threshold of motion of sediments beneath waves/currents. Modified from 
Soulsby (1997) 
_ Later, Soulsby and Whitehouse (1997) found a more convenient expression for 
the Shields threshold curve based on the dimensionless grain parameter: 
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0„ 
0.3 
1 + 1.2 A 
+ 0.055[1 - exp(-0.020 A ) ] (4.6) 
However, this does not take into account the bed slope, which has an important 
effect on sediment motion especially on steep slopes. On a very gentle or nearly flat river 
beds, this slope effect can be very small and neglected. However, on steep beaches^ the 
velocity to move sediment up (down) the beach slope is much larger (smaller) than on 
the flat bed. Thus, to account for the bed slope correction, the critical shear stress is 
modified by applying the following expression (Soulsby^ 1997): 
0 Per Tp,, _sm{(f>.±P) 
(9„ sin (f). (4.7) 
where, P is the bed slope angle with respect to the horizontal (see Figure 4.2) and (f)j is 
the angle of repose for the material. The angle of repose is the slope angle with respect to 
the horizontal under the incipient sliding condition (Julien, 1998 and Soulsby, 1997). The 
angle of repose ranges between 30 and 42 degrees for granular materials (Julien, 1998). 
The plus sign is used for sediment climbing up the slope and the minus sign is used on 
sediment moving down the slope. The illustration of the movement is shown in Figure 
4.2. 
Figure 4.2: Threshold of motion on a sloping bed 
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4,3 Sediment Transport by Waves and Currents 
As discussed in Chapter 2.3, bed load sediment transport is the dominant 
transport mode for coarse-grained beaches. Usually, the sediment transport rate 
estimation is determined as a function of the bed shear stress which is estimated from the 
velocity and the grain size, In the morphological module, the sediment transport 
computed by using Soulsby's wave and current sediment transport equation (Soulsby, 
1997, Soulsby and Damgaard, 2005) is found to be suitable. Thus the Soulsby wave-
current equation for the ID case is employed; in this formulation, the dimensionless 
transport rate is Ox = max [Ox i, 0x2] when the 0„,ax > Opcr and Ox= 0 when 6„,ax ^ dpcr, 
with: 
^ . . = C A f ( 0 . - V ) for 0 „ > a , . . (4.8) 
(D 2^ = C,(O.9534 + O.19O7cos20)6/yX, (4.9) 
m^ax = > / (0 , „+0 . . cos0 ) '+{0 , , s i n0 ) ' (4.10) 
where, C, is the transport coefficient (between 8 - 12), 0 is the angle between the current 
and the wave (^=0 for this case), 0,„ and 0„, are the dimensionless Shields parameters for 
the mean shear stress and the wave sheaf stress, respectively, and Opcr is the critical 
Shield's parameter with slope correction (see eq. 4.7). The suitable value of the transport 
coefficient C/ depends on the shape, angularity and degree of sorting of the sediment 
grains. It is suggested in Soulsby and Damgaard (2005) that C, = 12 for coarse grains and 
C, = 8 for fine grains. The Shields parameter for the mean shear stress, 0„, is calculated 
from the following equation: 
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0_. = 0.. ( e \ 1 + 1.2 " 
3.2 
(4.11) 
where, Oc is the dimensionless Shields parameters for currents. A more detailed 
explanation of this sediment transport formulation can be found in Soulsby (1997); 
The dimensionless transport is then used to quantify the sediment transport rate, 
Qh as shown in the following equation: 
Qt=^As{s-y)D,,'r (4.12) 
Here, s is the relative density {s=p/p) and D50 is the median grain size. However, a good 
morphological prediction is not just depending on a suitable sediment transport equation 
but an accurate description of the hydrodynamics is also very significant. 
4.4 Calculation of Morphological Evolution 
The final part in the process-based model loop system is the approach regarding 
bed level changes, or bed updating approach. Roelvink (2006) discussed four techniques 
related to the morphological updating. The first teclinique concerns how tides affect the 
evolution called "tide averaging". This classical teclinique is suitable for long teim 
predictions, where the changes within a single tidal cycle are considered small compared 
to the trends over a longer period. The second technique is the "continuity correction": 
This technique is frequently applied to adjust the flow field after small changes in 
bathymetry. The flow rate is assumed to be constant due to the assumption that the flow 
pattern does not vary for small bottom changes. The third technique is "rapid assessment 
of morphology (RAM)" which uses similar assumptions as those for the continuity 
correction technique. However, in contrast with the continuity correction, the RAM 
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technique works well as a quick updating technique in very dynamical areas such as in 
estuaries. The last technique relevant to bed updating is the "online" approach. By using 
this method the flow, sediment transport and bottom changes are updated at the same 
small time steps; in the previous techniques the bed is not updated as frequently as the 
flow field. This technique is implemented in this model, with the bed level change 
represented as: 
dz. 1 (dQ,^ 
'6 
y dt {\-n)\ dx 
where Zb is the bed leyel, / is the time and n is porosity. 
(4.13) 
The "online" approach can also be coupled with morphological factor, f,„orp that 
accelerates the morphological evolution for a shorter period of hydrodynamics 
simulation. This factor was introduced by Lesser et al. (2004). The advantage of this 
approach is that instead of completing one period of time, the morphological change is 
actually completed for the f,„orp period of time. This will also reduce data storage, 
cornputational time, and the numerical stability is less restrictive (Roelvink, 2006). If this 
approach is used, the bed updating technique from the above equation becomes: 
dz, _ LorpfdQ,^ 
dt ( l - " ) v dx 
b 
J 
(4;i4) 
However, there are limits to the morphological factor that can be applied, 
depending on the wave conditions, flow characteristics, and the location. The selection of 
a suitable morphological factor remains a matter of judgement and sensitivity testing for 
the modeller. This factor is not us^d here because the simulations are only short term and 
there is no need for optimising the bed updating approach. Finally, an avalanching 
technique is included in the morphological module to limit the beach gradient. This 
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process is a function of the angle of repose of the beach material, which limits the slope 
of the beach. 
With the description of the modifications to the morphological module 
completed, the profile change for the tests outlined in Chapter 3 can be demonstrated. 
The profile change for the Gravel - Test 1 is shown in Figure 4.3. It can be seen that 
even with this new morphological module, the overall movement of sediment is still 
offshore directed; no elevated berm is predicted above the waterline, as would be 
expected. This appears to counteract the effect of the more satisfying Soulsby's sediment 
transport formulation. From Figure 4.3, it was found that the simulated profile change is 
higher (close to chainage 269) than the measured profile change (close to chainage 267). 
This also shows that the run-up is higher than expected. However, a more reasonable 
magnitude for the volume change is predicted. 
In order to produce the observed, onshore movement of sediment, additional 
modifications need to be added to the model. These modifications, as well as their effects 
on the sediment transport are presented in the following chapter. 
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Figure 4.3: Simulation for beach profile change on Gravel - Test 1 after 500 waves 
(blue); initial beach profile (dotted); measured profile (dashed red): top - beach profile 
e\olution and bottom - differential changes 
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4.5 Summary 
The sediment transport equation used in this study is based on the Soulsby's 
wave and current sediment transport formulae (Soulsby, 1997). Soulsby's equation is 
still based on the Shields characteristic to determine the threshold of sediment motion. In 
this model, the slope correction has also been implemented to reflect the effects of the 
sediment moving up-slope or down-slope; this correction is important because the 
steepness of the beaches considered here is large compared to that of a river channel or a 
very gentle beach. This slope correction technique is also used by Pedrozo-Acuna et al. 
(2006, 2007) in their model of steep beach evolution. The bed updating scheme 
implemented here has been used by other modellers too, such as Lawrence and 
Chadwdck (2005) and Pedrozo-Acuna et al. (2006, 2007). Since the new sediment 
transport equation implemented in the model is ideological but not successful on its own, 
where the beach material is still driven seawards, the effects from infiltration will be 
included in the model. The infiltration implementation procedure is discussed in the next 
chapter. 
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CHAPTER 5: MODELLING APPROACH FOR INFILTRATION AND COARSE-
GRAINED BEACH SIMULATION 
5.1 Introduction to Modelling Coarse-Grained Beach 
In recent years, numerous studies of the hydrodynamics and sediment transport in 
the swash zone have highlighted the importance of swash processes especially on coarse-
grained beaches (e.g. Pedrozo-Acuiia et al. 2006, 2007; Horn and Li, 2006). Processes 
related to a steep beach gradient and high permeabilit)' strongly influence the sediment 
transport processes in this type of beaches. These factors can lead to different modes of 
energy dissipation which may partially invalidate methods and models developed for 
sandy beaches, as the results obtained in the previous chapter suggest. In order to mimic 
the infiltration effects on a highly permeable beach, Pedrozo-Acuna et al. (2006, 2007) 
used different friction factors and sediment transport coefficients during uprush and 
backwash in the numerical model. As a result, the sediment movement was more 
shoreward but there were still discrepancies with the measured experimental profile. 
Therefore, in this study the infiltration effects will be included in the numerical model in 
an alternative way. 
5.2 Inclusion of Inflltration 
Most numerical modellers ignore the effect of permeability on sandy beaches but 
gravel beaches are highly permeable. Improved predictions of coarse-grained beach 
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profile evolution cannot be achieved unless the complex fluid and sediment interactions 
between the surface and groundwater flow are better understood, particularly the 
sensitivity of sediment transport processes to flow in and out of the permeable bed. In 
particular, infiltration on the uprush reduces the strength of the backwash. Here, the 
effect of infiltration is investigated but the effect of exfiltration is ignored as it has less 
impact on sediment deposition in the upper swash. Figure 5.1 illustrates these infiltration 
and exfiltration processes. During the backwash, the very thin layer of exfiltrated water 
may not have enough velocity to move the gravel back down the beach. Exfiltration may 
also occur under the water surface but it is believed that its impacts on the profile 
development are less significant than infiltration on coarse-grained beaches. This has 
been stressed out by several researchers such as Packwood (1983), Elfi-ink and Baldock 
(2002), Stoker and Dodd (2005) and Dodd et al. (2008). 
As discussed in Chapter 3, by using the velocity obtained fi-om NSWE directly, 
the skewness of the offshore velocity is reduced and the onshore velocity is increased 
(see Figure 3.10). Hence, the maximum and minimum velocities are more symmetric. 
However, it was shown that improving the sediment transport equation led to more 
satisfactory volume change predictions, but there was no berm formation with this 
modification (see Figure 4.3); this implies that other processes need to be taken into 
account. It has been identified that infiltration is probably the most significant process 
missing from this modelling framework for coarse beaches, hence the need for including 
it in further model developments. 
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Figure 5.1: Illustrative sketch of the significance of infiltration on a gravel beach (Top 
panel: Uprush and infiltration; Bottom panel: Backwash and exfiltration). 
The infiltration approach introduced here was firstly proposed b\ Packwood 
(1983). Here, it is assumed that infiltration occurs vertically, that is, there is no effect of 
the material on the direction of the inflow. The inflow rate is calculated based on Darcy"s 
Law. Darcy's law is a simple linear relationship relating flow velocit>' to pressure 
gradient (Packwood. 1983). Under Darcian flow, water flows down the hydraulic 
gradient in the direction of decreasing head. Darcy's law can be represented by the 
following equation: 
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V,=-KI (5.1) 
where, Fg is the bulk velocity, K is the permeability rate aiid / is the hydraulic gradient. 
Darcy's law is valid for laminar flow, which is a reasonable assumption for fine 
sand and very gentle beaches, although this may not be the case for gravel beaches; the 
vertical flow assumption would be unrealistic on steeper beaches (Packwood, 1983). 
Although pore water flow is likely to become non-linear or turbulent within the body of 
the porous, coarse-grained beach, Darcy's law is still believed to capture the infiltration 
process (Horn and Li, 2006). At present, there seems to be little justification for 
developing a more elaborate infiltration technique for a morphodynamic model 
investigating steep coarse-grained morphology. Therefore, the effects of water loss in the 
swash through infiltration will be modelled using the vertical inflow assumption and 
Darcy's law. 
Karambas (2003, 2006) used this approach to include in/exfiltration in a beach 
model iiicorporating a surface water model and a groundwater model. Although 
Packwood (1983) suggested that this technique is only valid on gently sloping, fine sand 
beaches, Stoker and Dodd (2005) and Dodd et al. (2008) applied this approach in their 
model to predict beach cusp formation on steep (1:7) coarse beaches. However, Stoker 
and Dodd (2005) and Dodd et al. (2008) did not consider the groundwater hence no 
exfiltration was included ih their model. For a more detailed description on this 
approach, see Packwood (1983) and Dodd et al. (2008). In brief; an infiltration term q/is 
added to the IDH NSWE such that: 
q^ = n—^ (Unsaturated area) (5.2) 
qf=0 (Saturated area) (5.3) 
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where, n is porosity and C, is the depth of free surface inside the porous media (Figure 
5.2). The depth of infiltration is calculated by the numerical integration of a one-
dimensional differenfial equation (Packwood, 1983): 
dC . / . h 
dt 1 + -c 
(5.4) 
where, K is the permeability rate or hydraulics conductivity. The 4"" order Runge-Kutta 
method is adopted for the numerical integration of this equation as suggested by 
Packwood (1983), Karambas (2003) and Dodd et al. (2008). On average, the 
permeability rate K for gravel may vary from 0.001 to 0.1 m/s (see Table 2,1). However, 
for mixed sand and gravel the permeability rate can be as low as 0.0001 m/s as the fine 
sand can fill up the gaps between the gravel. 
Beach 
Unsahircited 
SWL = Water Table 
Saturated 
Figure 5,2: Schematic diagram of physical system 
As explained above, the infiltration is assumed to be vertical. At the instant, when 
the unsaturated area is first covered with water at a given location/position, the above 
equation is singular {C^ = 0). An analytical expression for C, at small /, given by 
Packwood (1983), will be used to overcome this problem: 
c 2n 1+ 1 + 
4/?/?, V 
dtK) 
** 
dt (5.5) 
90 
Where, hi is the water depth at the nearest grid point and dt is the time step; 
**It is worth noting that Dodd et aL (2008) foiind a misprint in equation 6 in Packwood 
(1983) and equation 21 in Karambas (2003) in relation to the equation 5.4, which 
requires a factor of Vi multiplying the right hand side. However, Dodd et al. (2008) also 
misprinted it in equation A1 as the power of V2 is missing at the right hand side. 
Rather than trying to attempt to incorporate a groundwater flow module using these 
equations as in Karambas (2003, 2006), a more pragmatic approach is taken here. The 
surface water is assumed to be extracted from the surface in the unsaturated area by a 
certain rate calculated from the above equations which reduce the water depth in that 
area. This effect is clearly observed from any experimental work (Pedrozo-Acuiia et ah 
2007, Lopez de San Roman-BlancOj 2003). This approach is similar to that implemented 
by Dodd et al. (2008). The unsaturated area is defined in relation to the SW-L; above the 
SWL, the beach is considered as unsaturated and infiltration is allowed. Austin and 
Masselink (2006) stated that on gravel beaches the upper beach surface remains 
unsaturated during the whole tidal cycle hence infiltration occurs continuously. Horn 
(2002) also mentioned that the top few centimetres of the beach surface are likely to be 
partly saturated or unsaturated, allowing for infiltration to occur on the upper beach. 
Therefore, infiltration is significant on the part of the beach which is above the SWL. 
The original version of XBeach is formulated as a 2DH model. However this 
research concentrates on the cross-shore profile change of a beach under IDH 
environment. Thus the incoming wave direction is set perpendicular to the beach and this 
corresponds to the x-axis of our coordinate system. By implementing the infiltration 
formulation^ under these conditioiis, the IDH NSWE model becomes: 
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dri dhii _ ^^  
du dii 
— + u V,, 
dt dx " 
'^M-.-h..AJl.-JlL (5.7) 
dx'j ph dx ph h 
where ii is the velocity in the x-direction, Vh is the horizontal viscosity, / is the time, p is 
the density of water, h is the water depth , Xbx. is the bed shear stresses, g is the 
acceleration of gravity, r\ is the water level and F, is the wave-induced stress. 
As mentioned above, the implementation of qj is similar to the method used in 
Dodd et al. (2008). The saturated and unsaturated regions are determined by the location 
of the still water line (SWL) as showri in Figure 5,2. Water is extracted from the fluid 
domain on the swash area above the SWL when the underlying bed is unsaturated and 
the area is considered as wet. Therefore, the mass of water is not conserved as 
exfiltration and groundwater flow were not considered in the model. Although water is 
not conserved, Dodd et al. (2008) showed that a better prediction of beach cusp 
formation was obtained by using this approach. The model also maintained its robustness 
and stability after this approach was implemented. Before discussing the resulting model 
simulations after implementation of these infiltration modifications, a method to evaluate 
model skill will be presented. 
5.3 Estimation of Model Skill 
The Brier skill score (BSS) is particularly a useful skill score in coastal 
engineering and other fields (e,g. weather forecasting). The skill score determines the 
eiTor in predicting amplitude, phase and rnean between the predictions and the 
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observations. Sutherland et al. (2004) discuss BSS and other model skill score methods, 
such as Linear Error in Probability Space, Mean Absolute Error, Root Mean Square 
Erroi^  and Mean Square Error; they foiind that BSS is the best measure of how good the 
prediction of morphological model compares against the measured beach evolution 
(Sutherland et al. 2004). For gravel beach profile prediction, Pedrozo-Acuna et al. (2006) 
have used the BSS to represent the skill and accuracy between their model predictions 
and experimental observations. HencCj BSS is the method that will be used here to 
evaluate the model skill score. 
As proposed by Murphy and Epstein (1989), BSS can be decomposed in ternis of 
the anomalies in the measurements, X'=X-B and the prediction, Y'=Y-B. This means that, 
the profile change in measurement {X) and prediction (F) are subtracted from the initial 
baseline profile (Z?). In most cases, the baseline is the initial bathymetry of the beach. 
Referring to Murphy and Epstein (1989), the decomposition of the BSS can be written 
as: 
BSS 
a -X-y +£• 
l + £ 
(5.8) 
Where the ternis set out below: 
a -
1 = 
1 -
e = 
^Y'X' 
'YW 
m-{x) 
[ ^x-
2 
(5.9) 
(5.10) 
(5.11) 
(5.12) 
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where, (X'> is the mean anomaly of the measurements and (Y'> is the mean anomaly of 
the prediction. The anomaly correlation coefficient which means the coefficient of 
correlation between the anomalies in prediction and measurement is given by: 
ry-A-
'A">" 
V^.v'O-ry 
(5.13) 
where sx'v is the covariance between anomalies, a\- and ay are the standard deviation in 
the measured and predicted anomalies. Sutherland et al. (2004) described the error terms 
set out above in greater detail (Table 5.1): 
Table 5.1: Description of a, X, y, e in BSS 
a 
X 
y 
£ 
Phase error- error in position of the sand/gravel movement. Perfect 
modelling gives a=\ 
Amplitude error- error in volume/quantity. Perfect modelling of 
phase and amplitude gives A=0 
Map mean error - when the average bed level prediction is different 
from the measurement. Prefect modelling gives y=0 
Normalisation term - only affected with changes between 
measurement and baseline. 
Sutherland et al. (2004) proposed a classification of skill in predictions according 
to the values of the BSS obtained. This classification is shown in Table 5.2: 
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Table 5.2: B S S classification of model performance 
BSS score 
0.5-1.0 
0.2-0.5 
0.1-0.2 
0.0-0.1 
<0.0 
Classification 
Excellent 
Good 
Reasonable 
Poor 
Bad 
Thus, BSS provides a measure of how good the prediction of morphological 
model is in comparison to the measured beach evolution. 
5.4 Gravel Beach Profile Development 
In order to evaluate the improved model performance, Gravel - Test 1 (Table 3.3) 
from the GWK experiment is used {11^ = 0.6 m, Tp = 3.22 s). The results obtained for 
500, 1500 and 3000 waves simulation from this experiment is shown in Figure 33 - top 
panel and the sediinents volume change in comparison to the initial beach profile is 
shown in Figure 3.3 - bottom panel. It was found that the deposition volume is 
approximately 10% less than the eroded volume. The main source of errot could be the 
profiler measurement errors as mentioned in Lopez de San Roman-Bianco (2003) i.C; the 
roller measures along the centre of the profile and effect of grain diameter. However, 
compaction and settlement on the beach also occurred from the impact of waves and 
currents (Lopez de San Roman-Bianco, 2003). 
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Using the Gravel - Test 1 conditions, the model now can be seen to correctly 
produce a berm on the profile at the top of the gravel beach (Figure 5.3). It should be 
pointed out that Pedrozo-Acuna et al. (2006, 2007) used different values on uprush and 
backwash for the friction factor, fc and the transport coefficienti C, during uprush and 
backwash to obtain an onshore sediment movement caused by infiltration. However, in 
this model, as infiltration is included, the frjction factor and transport coefficient are kept 
the same throughout the swash cycle. The values used here are^c = 0.015 and C, = 12 as 
suggested by Soulsby (1997) and Soulsby and Damgaard (2005). In Figure 5.3, the 
profile evolution for three different values of permeability rates, K which are 0.005 m/s, 
0.02 m/s and 0.04 m/s are shown as a sensitivity test. These simulations were run for 500 
waves. 
The results show that the sediment moved onshore during the up-rush. As the 
backwash motion is weakened due to the infiltration, its capacity for transporting 
sediment offshore is reduced. Figure 5.4 shovys the velocity envelope obtained from the 
NSWE module which describes this phenomenon in which a higher K value reduces the 
backwash strength. It was found that as the permeability rate increases, the berm 
becomes steeper and higher for similar durations of simulation. This occurs because the 
swash lens sinks more rapidly into the beach face, creating a more asymmetrical 
transport. The runup height is also reduced because of this infiltration process. Therefore, 
by including infiltration effects, the expected berm profile can be reproduced. 
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Figure 5.3: Effect of varying K on Gravel - Test 1: Initial beach profile (dot black): K •• 
0.005 m/s (solid blue); K = 0.02 m/s (dash-dot red); K = 0.04 m/s (dashed green). 
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Figure 5.4: Effect of varying K on the velocity envelope on Gravel - Test \: K= 0.005 
m/s (solid blue); K = 0.02 m/s (dash-dot red); K = 0.04 m/s (dashed green). 
Bed shear stress is proportional to the velocity squared. From the velocity profile, 
it was found that the shear stress will increase (decrease) during uprush (backwash) due 
to the infiltration process as now the velocity profile is skewed landwards. This result 
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agrees with the findings reported by Cox et al. (2000) and Conley and Griffm (2004) 
where the shear stress during uprush is typically larger than during backwash. The 
velocity profile obtained from a numerical model without an infiltration formulation is 
nearly symmetric. So to mimic the effect of infiltration, the friction factor is taken to be 
larger during uprush and smaller during backwash. However, its associated effect is still 
arguable. Indeed Pedrozo-Acuna et al. (2006) showed that such a use of different friction 
factors will not give good predictions on coarse beach morphology. It is clear that the use 
of a constant friction factor in a numerical model that incorporates a representation of the 
infiltration process is more appealing than such ad hoc approaches. This also indicates 
why empirical bed shear stress measurements are larger (smaller) during the uprush 
(backwash). 
It is of interest to note that the K value used in this model is approximate and it 
should be taken smaller than the expected K value because of a number of modelling 
assumptions and limitations. These are: 
• At present, the model does not simulate groundwater flow dynamics which may 
determine whether the beach is saturated or unsaturated. Thus no flow inside the 
beach is considered. 
• Above SWL, the beach is always assumed unsaturated. This is not always the 
case as sometimes the beach can be partially saturated or saturated. 
• No exfiltration is included in the model which might affect the net infiltration rate 
in the dry region. 
• Interactions between the water coming in and the water coming out of the 
beachface are neglected. 
• Air entrapment by the swash lens is neglected, which may reduce the 
permeability and infiltration rate 
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Moreover, the permeability of natural beaches is not spatially constant, especially 
when considering mixed beaches; however, in the model the K value is assumed to be 
constant throughout the simulation. 
For the case of Gravel - Test 1, the most suitable K value was found to be 0.02 
m/s as showTi in Figure 5.5 (top-panel). Overall, the predicted beach profile evolution 
here agrees very well with the measured profile of the GWK after 500 waves. The 
differentia] volume change on the erosion and accretion region is also closed to the 
laboratory observations (Figure 5.5 - bottom panel). In this simulation, the velocity 
asymmetry is now biased onshore as shown in Figure 5.4 (dash-dot red) in comparison to 
Figure 3.10. Thus the sediment is transported towards the shore, above the water line 
where a berm is fonned in line with the observations. 
The predicted velocity profile agrees vAth the velocity results obtained by 
Masselink and Li (2001) who stated that infiltration causes a change in the velocity 
asymmetry that promotes onshore sediment movement for a beach of sufficiently high 
permeability. Therefore, the asymmetries between onshore and offshore velocities in 
the hydrodynamic model can be seen to play a significant role in determining the 
magnitude and direction of sediment transport and thus in getting the correct cross shore 
profile evolution. 
Figure 5.6 shows the comparison of the model simulation with the measured 
GWK experiment and also the comparison with the result by Pedrozo-Acuna et al., 
(2006), although it should be noted that their results were not optimised for this 
particular case. The Brier skill score obtained between the model and the GWK 
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experiment for this test is 0.86. This BSS improved the score of 0.08 obtained by 
Pedrozo-Acufia et al., (2006). The model score is classified as excellent based on the 
classification sho'wn in Table 5.2. As can be seen, this is apparent in the accurate 
prediction of both the magnitude and location of the major profile changes. 
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Figure 5.5: Gravel - Test 1 result comparison after 500 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
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Figure 5,6: Comparison of results after 500 waves: initial beach profile (dotted): GWTC 
(dashed red); model prediction (solid blue) - BSS=0.86; Pedrozo-Acuna et al. 2006 
results (dash-dot green) - BSS=0.0802. 
Although some of the model assumptions are not suitable for gravel beaches, in 
particular the assumption of Darcian flow, the model was nevertheless able to predict the 
observed berm formation on the beach, suggesting that infiltration pla\s a significant role 
in the short term profile e\olution. Therefore, with the inclusion of the infiltration 
approximation in the numerical model, the onshore mo\ement of sediment can be seen. 
The results are more encouraging and appear to have replaced the need for asymmetric 
transport efficiencies during uprush and backwash (see Pedrozo-Acuna et al.. 2006, 
2007). 
However, after a simulation with 1500 waves (Figure 5.7) and with 3000 waves 
(Figure 5.8) the BSS is reduced to 0.78 and 0.67. respectively. As the simulations take a 
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longer duration, whilst the erosion and deposition locations are still predicted well, the 
amount of eroded and deposited volume is under predicted. Although this prediction still 
can be classified as excellent based on the BSS, as the beach becomes steeper the model 
prediction becomes less accurate. It is believed that as the beach steepens, the effect of 
plunging breakers becomes more significant. However, the physical representation of 
plunging breakers is poor when using the NSWE. The simulations also show that the 
height of the deposition profile on the upper beach is smaller than the measured one for 
all three periods. This becomes more evident for longer simulations. It can also be 
observed that the model attains equilibrium faster than the experiment since little change 
is evident in the simulations after 1500 and 3000 waves. 
It can be seen that the model predicts an accumulation of offshore sediment to 
form a small bar between chainage 258 and 260 after a longer simulation which is not 
evident in the GWK experiment. This may be due to the steepness of the beach berm. As 
the upper beach becomes steeper, less sediment is transported onshore under the same 
velocities, and hence there is a greater tendency for the sediment in the model to be 
moved offshore. 
It is believed that as the beach become steeper, the effect of plunging waves and 
associate turbulence on the beachface increases. Hence this will affect the beach profile 
as discussed in Ting and Kirby (1994, 1995) and Pedrozo-Acuna et al. (2008, 2010). 
This bore collapse from plunging breakers play an important role in stirring up of 
sediment from the bed. This physical mechanism was observed in Pedrozo-Acuna et al. 
(2006, 2007 and 2008) during the experiments for gravel and mixed beaches at the 
GWK. Presently the investigation of the role of turbulence is beyond the scope and 
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complexity- of this work, and we focus only on infiltration effects on gra\el beach 
evolution. 
269 271 
Figure 5.7: Gravel - Test 1 result comparison after 1500 waves: top - beach profile 
evolution and: bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
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Figure 5.8: Gravel - Test 1 result comparison after 3000 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
104 
5.5 Mixed Beach Profile Development 
Sediment on the beach may consist of a mixture of sand and gravel. Now, the 
prediction of mixed beach profile evolution using this model is presented here. For this 
case, Mixed - Test 1 from the GWK experiments (Table 3.3) will be used. As the model 
was only able to use a single sediment as an input, the median sediment size is used 
which is 17 mm with an average porosity of 0.27. In this test, a slightly smaller friction 
coefficient, y^  = 0.01 is taken as the bed now consists of a mixture of gravel and sand. 
The transport coefficient, C, is taken as 12 again as this value was suggested to be used 
on coarse material (Soulsby, 1997). A suitable value for the permeability rate K should 
be determined. The K value is expected to be lower on a mixed beach than that on a 
gravel beach since the mixed beach has finer material which fills the coarse sediment 
interstices reducing the size of the remaining pore spaces and hence inhibiting the 
passage of water flowing inside the beach. Therefore, the model was run for 500 waves 
on three different K values which are 0.0005 m/s, 0.003 m/s and 0.01 m/s (Figure 5.9). 
With the lowest K value, the model predicts beach face erosion, but with the medium and 
the large K values, the model behavior switches to accretion. In terms of the location of 
the berm, all simulations predict a lower berm position than that measured in the GWK. 
However, the simulation using the intermediate K value shows an approximately similar 
magnitude of the deposited sediment volume on the upper beach. Hence, it was found 
that K=0.003 m/s is suitable to be used in this case. As summarised in Table 2.1, for 
well-graded sediment with grain size varies from 0.05 mm to 10 mm, the measured K 
values can be as low as 0.0001 m/s (Jackson and Dhir, 1996) thus /^= 0.003 m/s is found 
to be within the ranges. 
105 
Figure 5.9: Effect of \arious lvalues on Mixed - Test 1: Initial beach profile (dot 
black); measured GWTC after 500 waves (dashed purple): K = 0.0005 m/s (blue); K = 
0.003 m/s (red): K = Om m/s (green). 
The comparison on beach profile change between the predicted profile and the 
measured profile for 500 waves is shown in Figure 5.10 (top panel) with the sediment 
balance between accretion and erosion also sho\Mi (bottom panel). For a longer period of 
simulation, Figure 5.11 and Figure 5.12 show this comparison for simulation after 1500 
waves and 4500 waves respectively. Again here, the top panels show the profile change 
and bottom panels show the differential volume change. Although the results obtained 
fi"om the model are less accurate than the predictions for a gravel beach, the model was 
able to predict the onshore movement of sediment with infiltration included in the model. 
As discussed in Chapter 3, the sediment mobility' and profile changes for a mixed beach 
are smaller than for a gravel beach. It can be seen fi^om the simulation on mixed beach, 
the model also predicts less profile change compared to the gravel beach. 
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Figure 5.10: Mixed - Test 1 result comparison after 500 waves: top - beach profile 
evolution and: bottom - differential changes (measured profile - dashed red: model 
prediction - solid blue) 
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Figure 5.11: Mixed - Test 1 result comparison after 1500 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
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Figure 5.12: Mixed - Test 1 result comparison after 4500 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
The BSS calculated for 500 waves is -0.35. for 1500 waves, it is 0.01 and for 
4500 waves, it is 0.26. The BSS calculated is much lower than that for gravel beaches. 
This BSS can be classified from bad to good. The BSS will give a bad result if the 
deposited and eroded regions of the profile are predicted wTongly. Therefore, after 4500 
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waves, the score is getting a little bit better as now, the volume change predicted is much 
closer to the measured volume. It is believed that many factors can contribute to this 
poorer performance apart from the numerical model limitation. The volume changes on 
the measured profiles were not conserved with the deposited volume being 
approximately 50% less than the eroded volume, as discussed previously. However, the 
volume change predicted using the model is conserved. Hence, the disagreement is to be 
expected. 
Although the model has been adapted for coarse-grained beach evolution with 
some success, there are more significant limitations for its application to mixed beaches. 
On a mixed beach, sediment separation and sorting occurs as the sediment now has a 
large range of sediment sizes. To describe this phenomenon, the model will need to be 
modified to simulate multiple sediment classes. This will be discussed in the next 
chapter. 
5.6 Summary' 
In this chapter, the inclusion of swash infiltration into the model is discussed. The 
infiltration approach implemented was first introduced by Packwood (1983) and used by 
others such as Karambas (2003, 2006) and Dodd et al. (2008). The Brier skill score 
(BSS) is used as an indicator whether the beach profile evolution obtained from the 
numerical model is in good agreement with the measured profile of the GWK 
experiments. This BSS technique was considered as the best skill score for comparing 
beach profile evolution between the predicted and the measured profile (see Sutherland 
et al., 2004 and Pedrozo-Acufia et al., 2006). 
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As a result, this swash infiltration approach leads to a better prediction on gravel 
beach profile development. With infiltration being implemented in the model, the 
backwash is weakened. Hence the sediment that moves onshore during uprush rarely 
moves offshore again. Therefore, the asyrnmetries between onshore and offshore 
velocities resulting from water infiltration into the beach play a significant role in 
determining the magnitude and direction of sediment transport. However, for the mixed 
beach profile developnient, the predicted profile is less accurate even though an 
accretionary profile was coirectly obtained, This is partly because the volume change 
predicted using the model is conserved while the volume change in the experiments is 
not conserved for reasons explained above. Another contributing factor that might help 
to explain this poor agreement is that the sediment is dynamically sorted in a mixed 
beach environment, and hence the permeability can vary strongly with space and lime. 
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CHAPTER 6: MULTIPLE GRAIN SIZES MODELLING ON MIXED BEACH 
6,1 Multiple Grain Sizes Modelling 
The majority of research in coastal beach morphology has been concerned with 
beaches comprising a single grain type (unifomi) rather than with beaches with a mixture 
of multiple grain sizes (non-uniform); this mixture usually consists of grain sizes typical 
of sand to gravel. Moreover, most sediment transport equations use a single rpeasure of 
grain size, the median sediment size, D30 to represent the characteristics of the sediment 
assemblage. This is adequate for sandy or gravel beaches. However, for mixed beaches 
either the D30 or the standard grading, represented by Ds^/D/^ are likely to be suitable to 
represent the mixture on the sedimerit transport model (Mason and Coates, 2001). 
The lift and advective forces on a sediment grain will vary strongly according to 
the grain's size and shape; this is one of the reasons wjiy the median sediment size, D50 
alone cannot be used to describe the beach profile change on mixed beaches. In fact, it 
can be observed on the mixed beach that different sediment composition exists on the 
berm, step, lower and upper part of the beach. How does this happen? As mentioned 
above, advection will have different effects on sediment of different sizes: the high 
onshore velocity will possibly move all sediment upward while the low backwash 
velocity will tend to move only the fine sediment seawards, hence the coarse sediment 
will remain on the upper part of this beach. 
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For mixed beaches, general observations show that the grain size distribution is 
not uniform. Therefore, to extend the morphological module for large ranges of sediment 
sizes on the beach, it is now suggested that a multiple grain size approach should be 
implemented. However, this comes at a cost since modelling beach morphology with 
multiple sediment fractions will increase computational time (James et al. 2006, 
Lawrence^ 2005). 
James et al. (2006) suggested that an "effective grain size" should be used if 
considering only a single size class in the modelling of wide range of grains on the bed. 
This effective grain size can be determined by using four approaches: weighted 
arithmetic mean; weighted settling velocity; weighted critical shear velocity; and 
weighted geometric mean. Details of these formulations can be found in Janies et ah 
(2006). However, this approach was iiot recommended since it is not appropriate for 
simulating sediment sorting. The question then arises regarding the optimal nuriiber if 
sediment size classes to be used. James et al. (2006) indicated that thiee sediment classes 
is the optimum for multiple sediment classes modelling; more sediment classes may 
produce more accurate results but this would make the method more computationally 
intensive. 
Four approaches of multiple sediment class calculation were discussed in Wu et 
al. (2003); these are: 
• Direct computation by size fraction 
• Shear stress correction 
• Bed material fraction 
• Transport capacity fraction 
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The most common for computation of fractional sediment transport in non-
uniform mixtures is the shear stress correction approach (Wu et al. 2003). As the 
sediment transport equation used in the model developed in this study is based on the 
shear stress calculation, the shear stress correction approach is believed to be the most 
suitable. 
The sediment transport calculation corresponding to multiple size fractions are 
affected by the initiation of motion for the different size classes, by hiding and exposure 
effects, by effective shear stresses and selective sediment transport (Wu et al. 2003). 
Figure 6.1 shows how selective transport might occur and its effects on the movement of 
a sediment mixture. For sediment mixtures, sometimes the finer sediments will be 
moving but the coarser grains will be static. Hence part of the sediment is moving, but if 
only the median grain diameter had been used in the transport equation, then the motion 
of the fine sediment would not be represented. 
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Figure 6.1: Selective sediment fraction movernent in mixed sediment 
Most of these multiple sediment class/fraction transport models were developed 
for river bed morphodynamics (e.g. Pender and Li 1995, 1996 and Wilcock and 
Kenworthy, 2002). Attempts to model multiple sediment fractions on mixed beaches 
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have been reported by Lawrence (2005) and Lawrence and Chadwick (2005), who 
included a multiple size fraction sorting algorithm. A question arises here: are there 
important differences between the inixed sediment fractions in a river bed and those 
found in mixed beaches? The main visible characteristic that can be observed is that a 
river bed is always submerged and hence treated as wet/saturated, whilst, the swash zone 
on the beach is partially wet/saturated and partially dry/unsaturated. 
A general method to determine sediment transport on multiple fractions is to 
divide the mixture into a number of size fractions and to calculate the sediment transport 
of each size fraction separately. However, several researchers agreed that the use of a 
hiding-exposure function is important in mixed sediment transport in rivers (Pender and 
Li, 1996 and, Wilcock and Crowe^ 2003) and coastal regions (Lawrence, 2005): The 
hiding-exposure function is used to reduce the mobility of fine sediment in the existence 
of coarse sediment (mixed sand/gravel) and vice-versa. When the beach consists of a 
large range of sediment sizes, the Shields curve is no longer valid due to the non-
unifomiity of the sediment and the hiding-exposure effect (Kleinliaiis and van Rijn, 
2002). Finer particles become hidden between the coarser particles and the coarser 
particles themselves are more exposed. Therefore the critical shear stress of the fine 
sediments in the mixture will be larger than the critical shear stress of the fine sediments 
alone. But the critical shear stress of the coarse sediments in the mixture will be smaller 
than the critical shear stress of the coarse sediment alone (Figure 6.2). Therefore, it is 
important to include a hiding-exposure function in the multiple grain size sediment 
transport model. 
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Figure 6.2: Hiding and exposure effect 
The hiding-exposure function maybe represented with the following power 
function (Kleinhans and van Rijn, 2002): 
^ = 
( D ^ 
(6.1) 
where/is the sediment fraction/class index, h is the empirical number between -1 to 0 (b 
= 0 corresponds to not correcting the critical Shields parameter values, and b = -1 
conesponds to the maximum allowable correction of critical bed shear stress on all size 
fractions). Kleinhans and van Rijn, (2002) discuss previous works on river bed and flume 
experiment of unidirectional flow on estimating values of h and suggested to take b=-
0.65 as an average value. This value was also used in the numerical model by Lawrence 
(2005) and Lawrence and Chadwick (2005) for beach profile simulation. 
Then, the corrected critical Shields parameter may be described using two 
altemative formulae; 
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^cr,corrected J S " a - , D 5 0 (6-2) 
"or,corrected,f ~ ^"a\Df (6-3) 
Depending on whether it is defined in terms of the critical Shields parameter for 
the median grain size (Ocr.Dso) or the critical Shields parameter of each fraction's grain 
size {Ocr.Df)- Kleinhans and van Rijn, (2002) proposed that the use of 0cr,D50 in 
combination with a Hiduig-Exposure (llE) function is more appropriate as it reasonably 
gives better results against measured data froni a flume experiment (details see 
Kleinhans and van Rijn, 2002). Therefore, this approach was implemented in the model. 
The volume transport rate for each fraction, / is solved independently for the 
different sediment classes leading to class dependent sediment transport rates, Qh/SiSi 
Qtj=^.Agi^-w/r - (6.4) 
Then, the total volume transport rate can be defined as: 
Qb=Y^Qbj (6.5) 
/ 
The multiple grain sized moiphology model integrates the sediment transport 
rates in a similar marmer to the single grain sized model. Therefore, the bottom changes 
per sediment class can now be calculated as follows: 
dt {l-n)[ dx j ^^ -^^ 
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Now, summing over sediments transport for all fractions, the bed level changes 
are therefore calculated by: 
& . 1 ^(dQ.j-^ 
dt ( 1 -« )V dx (6.7) 
For the mix of grain sizes considered here the sediment porosity n is taken as a 
constant, but in reality this should be tirhe-varying with the sorting of sediment on the 
beach. The permeability is also time-varying since the sediment is sorted by the effects 
of wave and currents. However, the permeability rate specified in the model is an 
approximate value that needs to be calibrated or estimated for each particular site. Thus 
the values used here are arbitrary and are simply intended to investigate the system's 
sensitivity to this parameter. 
Modelling the sediment fractions individually then allows numerical sediment 
sorting which determines the time-varying composition of the sediment mixture. The 
sediment fractions are also individually sorted by considering the conservation of mass 
of the separate fractions. The morphological module now consists of a layer of sediment 
available for transport which is called the active layer. This active layer rests on the 
substrate layer. A schernatic of the active layer is shown in Figure 6.3. The main 
uncertainty is to determine the thickness of the active layer, D^ v/here sediment 
movement takes place. Therefore, the thickness of the active layer is an adjustable 
parameter and was taken as 10 cm for this study. A Nikuradse rougliness, k^ is suggested 
as the reference for specifying the active layer thickness. According to van Rijn (1993), 
ks is 3 times the D90 of the sediment. Thus, 10 cm is appropriate for sediment with D90 of 
23 mm. The thickness of the active layer will remain the same regardless of whether 
erosion or deposition takes place on the beach. The fiill expression for tracking the 
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changes in fractional composition of the sediment classes in the active layer due to 
sediment deposition is given by: 
Az,, (D^-AZA b 
V D^ J 
Pj (6.8) 
And for erosion: 
^ ; = - ^ + ^ / - ^ ^ (6=9) 
where D-, is the thickness of the active layer (constant), Az^ y^ is bed level changes for each 
fraction and Az^  is total bed level change (all fractions combined and positive upward),y 
denote the time index^ P^ and P., is the percentage of each sediment classes oh the active 
layer and the substrate layer respectively. To ensure the total sediment fractions are 
conserved on each grid of the active layer the total /*^./must be 1 at anytime. 
However, across the profile the total volunle for each class is not strictly 
conservative, as the substrate sediment ratios never change: This can be improved by a 
multi-layer approach, but with a consequent increase in computational time. As the depth 
of the seabed changes, the interface between the substrate and the active layer moves 
accordingly. Sediment therefore numerically migrates between the substrate and the 
active layer. However this volume exchange only occur on the erosiOh area as the 
deposition will only add new sediment composition on the top of the active layer. 
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Figure 6.3: Multiple sediment fraction/class sorting schematic 
6.2 Testing of Multi-fractional Grain Sorting Implementation 
The implementation of the models handling of multiple grain fractions was tested 
against the Mixed - Test 1 beach slope and wave conditions for the first 500 waves. 
Model runs with three and five sediment classes were used to test the model sensitivity to 
the number of tractions represented. The initial sediment composition that was taken is 
shown in Table 6.1, The sediment compositions represent welKgraded sediment in the 
mixture. 
The permeability rate used in this case was 0.01 m/s. This value is lower than that 
for pure gravel as the median sediment size is now 10 mm which is about half than that 
of the Gravel - Test 1 case and there is also a wider spread of sediment sizes. The beach 
profile change after 500 waves for both cases is shown in Figure 6.4. Then, Figures 6.5 
and 6.6 show the change in sediment composition on the surface (active layer) with time, 
For both cases, there is an increase of the coarse grain percentage and a corresponding 
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decrease of the fme sediment in the upper beach. By contrast, over the lower beach the 
percentage of coarse grains decreases while the fine grains increases. These patterns 
agree well with the numerical result obtained by Lawrence (2005) and Lawrence et al. 
(2002). They are also in line with the GWK experiments (Pedrozo-Acuna, 2005) in 
which material largely composed of gravel was deposited above the SWL to form the 
beach crest whilst the sandy material either settled deeper into the beach or was 
transported seawards. 
Table 6.1: Sediment compositions for each class 
3 sediment 
fractions 
5 sediment 
fractions 
Size (mm) 
2 
10 
18 
2 
6 
10 
14 
18 
Composition (%) 
30 
40 
30 
20 
20 
20 
20 
20 
Based on these results, there is not much difference between the beach profile 
changes modelled with 3 sediment fractions or 5. The pattern of the sediment distribution 
on the surface after 500 waves also showed a similar pattern between the two cases. 
Thus, it can be concluded that three sediment fractions are sufficient on this occasion for 
modelling multiple sediment classes. This is in agreement with James et al. (2006). It 
would be anticipated that little improvement or difference would be obtained by 
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increasing the number of classes further. >et the computational costs would be 
significant. 
Figure 6.4: Multiple grain size simulation testing results - beach profile change after 
500 waves: (initial profile - dotted black; 3 sediment fractions - solid green: 5 sediment 
fractions - dotted red) 
From this simulation, it was also shown in Figure 6.4 that the beach slope at the 
eroded area below the SWL becomes gentler and the slope at and above the SWL 
becomes steeper as the simulation is run for longer. The lower slope terrace (Figures 6.5 
and 6.6) accumulates fine sediment and steep upper foreface accumulates coarse 
sediment. Over a longer simulation, the generati\ e mechanism that explains the existence 
of composite beaches can be identified. That is. in order to be able to predict the 
formation of a composite beach, both the infiltration process and the simulation of 
multiple fraction sediment transport process need to be implemented in a model. Tidal 
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excursion may also need to be considered in the simulation so that sorting occurs o%'er a 
much wider area than indicated here, as observed on natural composite beaches. 
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Figure 6.5: Sediment composition change after 500 waves for 3 sediment fractions 
(initial sediment composition - dotted grey) 
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Figure 6.6: Sediment composition change after 500 waves for 5 sediment fractions 
(initial sediment composition - dotted grey) 
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6.3 Mixed Beach Profile Development by using Multiple Sediment Fractions 
Now, the model is capable of predicting the beach profile change on mixed 
beaches including sediment tracking and sorting on the beach surface. Here, the model 
predictions are compared in more detail with the GWK experimental results. The Mixed 
- Test 1 will be used for the purpose of this simulation. The input is kept the same with 
the previous simulation of mixed beach test case using single sediment size (sub-chapter 
5.4). However, here, the sediment composition which represents the whole mixture will 
be divided into: a fine, a median and a coarse fraction. The initial sediment composition 
was taken as 32% (0.32) of 1 mm to represent the fine grains, 36% (0.36) of 17 mm to 
represent the median grains and another 32% (0.32) of 23 mm to represent the coarse 
grains, corresponding to the initial sediment composition for this experiment (see sub-
chapter 3.3.2). 
In order to test the sensitivity against K, three values (K = 0.0005 m/s, K = 0.003 
m/s and K= 0.0\ m/s) were used in a similar manner to the previous single sediment size 
prediction. Figure 6.7 shows the results for these three cases. Again, the model predicts 
an erosion pattern for the lowest K value and predicts an accretion pattern for the other K 
values. The predicted berm position is still located lower than the berm observed on the 
measured GWK. However, for K = 0.003 m/s the results show an approximately similar 
volume of profile change. Hence, this K value was selected for use, as in the previous 
results in sub-chapter 5.4. 
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Figure 6.7: Effect of various K values on Mixed - Test 1: Initial beach profile (dot 
black); measured GWK after 500 waves (dashed purple); K = 0.0005 m/s (blue); K = 
0.003 m/s (red): .^= 0.01 m/s (green). 
Figure 6.8 compare the results of this simulation with the measured GWK profile 
after 500 wa\es. The top panel shows the beach profile change and the bottom panel 
shows the differential changes of sediment volume. The BSS obtained fi-om this 
comparison is still not encouraging which is -0.39 which is classified as bad prediction 
and not better than using the single sediment model (see Figure 5.10). This could be due 
to the fact that the experimental volume changes are not conser\'ed as mentioned 
previously, with the difference between the erosion and deposition volume being of 
about 50%, while the volume changes predicted using the model satisfies mass 
conservation. 
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Figure 6.8: Mixed - Test 1 result comparison after 500 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red: model 
prediction - solid blue) 
Figure 6.9 shows the velocit>' envelope for this case. The onshore velocity is still 
slightly higher with the lower K value: hence the dominant sediment deposition is 
onshore. However, this velocity envelope shows stronger backwash compared to the 
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backwash velocity obtained on the Graxel - Test 1 for the similar wave conditions. This 
shows that the higher the permeability' rate, K, the weaker the backwash velocity as 
would be expected. 
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Figure 6.9: Velocity' envelope obtained directly from NSWE for 500 waves on Mixed -
Testl 
Thus, the advantage of using the modified Xbeach model is that it makes possible 
to model the transport of multiple sediment fractions and sediment sorting in place of a 
single sediment size on coarse-grained beaches. Despite the fact that the GWK mixed 
beach profile comparison is not encouraging, as discussed above, this sorting model can 
now be used to investigate other features of mixed beach beha\'iour, with a \iew to 
imderstanding processes on these beaches. 
Then. Figure 6.10 shows the distribution of the different sediment fractions 
composition across the profile after 500 waves. The figure shows that the fine sediment 
moves offshore and the coarser sediment moves onshore. This is because of infiltration 
weakening the backwash velocit>'. The coarser sediment moving onshore barely moves 
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back offshore while the fine sediment remains in motion. The sediment composition at 
three different locations on the beach surface after 500 waves and 4500 waves for the 
GWK experiments is tabulated in Table 3.4 of Chapter 3. The comparison of sediment 
composition between those observations and the results obtained with the model is 
presented in Table 6.2 and Figure 6.11. The fine sediment represented by the Dje shows 
a decreasing trend from the step to the crest. The median sediment size, D50 shows little 
difference between the step, SWL and crest. However, the coarsest D84 fraction shows 
increasing pattern across the beach from the step to the crest. Although the percentage of 
the sediment composition obtained from the model is not similar to the experiments, 
similar patterns were obtained from the model simulation. Such quantitative agreement is 
difficult to achieve in reality due to differences in the way the samples were collected 
(surface samples) and the various assumptions in extracting values from the sorting 
model (active layer thickness, transport coefficient, range of sizes, sediment stratification 
and localisation). 
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Figure 6.10: Mixed - Test 1 model simulation result: sediment composition change after 
500 waves: (initial sediment composition - dotted grey) 
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Table 6.2: Comparison of sediment composition for each sediment fraction after 500 
waves (Mixed - Test 1) 
Location 
Fraction 
Experiment 
(%) 
Model 
(%) 
Step 
(S; Chainage 265 m 
Dl6 
14 
38 
Dso 
54 
34 
D84 
32 
28 
SWL 
@ Chainage 266.5 m 
Dj6 
11 
30 
Dso 
50 
37 
D84 
39 
33 
Crest 
@ Chainage 268 m 
Dj6 Dio Ds4 
1 
0 
28 
50 
37 
50 
35 
60% 
50% 
40% 
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Figure 6.11: Sediment composition pattern (percentage) for each sediment fraction at the 
beach step, SWL and crest after 500 waves (initial composition - dashed green; 
experiment - solid blue; model - solid red) 
Figure 6.12 (top panel) shows the beach profile change and Figure 6.12 (bottom 
panel) shows the volume changes for a 1500 waves model simulation. The BSS for this 
prediction is 0.01 which is classified as poor. Figure 6.13 shows the sediment 
composition for each fraction or sediment class after these 1500 waves. However, 
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sediment samples are not available for this test. The test is simply to sho^ "^ the 
comparison of beach profiles and model prediction of the sediment sorting. The sediment 
composition still shows the coarse sediment is being deposited on the upper beach and 
the fine sediment on the lower beach. 
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Figure 6.12: Mixed - Test 1 result comparison after 1500 waves: top - beach profile 
evolution and: bottom - differential changes (measured profile - dashed red: model 
prediction - solid blue) 
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Figure 6.13: Mixed - Test 1 model simulation result: sediment composition change after 
1500 waves: (initial sediment composition - dotted grey) 
Figure 6.14 shows the comparison between experiments and the model 
simulations after both of them have been run for 4500 waves. The BSS is 0.14 and 
classified as reasonable in this case. The sediment composition on the surface still shows 
i; 
the fine sediment moves offshore and the coarse sediment moves onshore as shown in 
Figure 6.15. The sediment composition comparison between the model and experiment 
samples is summarised in Table 6.3. Figure 6.16 shows the patterns of each sediment 
class composition across the profile. Here, there are larger differences between the 
experimental observations and the model prediction. It is believed that this is due to the 
way the samples were taken from the beach surface resulting in an exaggerated absence 
of fine sediments. Indeed, the mixed sediment was an artificial mixture of two sediment 
fractions rather than a naturally occurring, sorted sediment. It had been observed that the 
fine sediments were likely to have been washed deep into the beach due to differences 
between the fine and coarse sediment fractions and how they mixed. Another possible 
mechanism is that the fine grains were moved further offshore in suspension, beyond the 
measured profile. 
It can be seen that, the predicted berm position on mixed beach was always lower 
than the measured berm position. This difference is beheved to occur as the volume 
change in the experiment is not conserved due to sediment settlement and compaction. In 
the model, this phenomenon cannot be predicted. Another reason is the inability of the 
model to push the swash runup higher as the slope becomes steeper around the SWL. 
Therefore, the sediment cannot be pushed further up the beach and accumulates around 
the SWL area only. Then, as the simulation runs for longer, the model predicts 
accumulation of sediment offshore to form a bar (between chainage 259 - 263 m). The 
sediment deposited on the bar is largely composed of fine grains. Again, this may be due 
to the steepness of the beach berm. As the upper beach becomes steeper, less sediment is 
transported onshore for the same velocity; hence the opportunity for the sediment to 
move offshore increases. 
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Figure 6.14: Mixed - Test 1 result comparison after 4500 waves: top - beach profile 
evolution and; bottom - differential changes (measured profile - dashed red; model 
prediction - solid blue) 
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Figure 6.15: Mixed - test 1 model simulation result: sediment composition change after 
4500 waves: (initial sediment composition - dotted grey) 
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Table 6.3: Comparison of sediment composition for each sediment fraction after 4500 
wa^•es (Mixed - Test 1) 
Location 
Fraction 
Experiment 
(%) 
Model 
(%) 
Step 
@ Chainage 265 m 
D,6 
0 
37 
D50 
44 
32 
SWX 
@ Chainage 266.5 m 
D84 D]6 D50 
1 I 
56 
31 
0 
24 
60 
40 
D84 
40 
36 
Crest 
@ Chainage 268 m 
D16 
0 
27 
D50 
40 
37 
D84 
60 
36 
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Figure 6.16: Sediment composition pattern (percentage) for each sediment class at the 
beach step, SWL and crest after 4500 waves (initial composition - dashed green; 
experiment - solid blue: model - solid red) 
Although the results obtained from the model are less accurate than the 
predictions for the gravel beach, the model is still able to predict the observed onshore 
movement of sediment with infiltration included in the model. The BSS calculated from 
this prediction can be classified from bad to reasonable. However, the score gets better, 
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the longer the simulations. It is believed that many factors can contribute to this less 
successful prediction apart from the numerical model limitation. The volume changes on 
the measured profiles were not conserved, with the deposited volume being 
approximately 50% less than the eroded volume. However, the volume change in the 
model is conserved. Therefore, if the mass in the measured profile changes had been 
conserved, the results obtained from the numerical model and the observations rnay have 
been in much better agreement. The mass may also not have appeared to have been 
conserved due to the experimental procedure for combining the two sediment fractions 
and the extent of the profile measurements, as mentioned above. 
As discussed in Chapter 3, the sediment mobility and profile changes on a mixed 
sediment beach is slower than for gravel beaches. The model also predicts the profile 
change on a mixed beach is less than on a gravel beach for similar wave conditions. As 
mentioned previously, the existence of finer fractions mixed with the gravel will tend to 
reduce the permeability of the beach. This low permeability increases the offshore 
velocity. Hence sediments that are carried onshore during uprush will also be moved 
back offshore during the backwash phase. This is especially true of the fine sediments 
although some of coarse sediments will remain on the upper beach. Therefore, it can be 
expected that the net onshore sediment transport of mixed beach is generally much 
smaller than that of a gravel beach. 
This explains the slower profile change on mixed beach compared to gravel 
beach for similar wave conditions. As the beach is sorted, the permeability will also 
become more varied spatially as time progresses. However, this spatial variation of 
permeability is discussed further in this thesis. 
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6.4 Mixed Beach Profile Development under Erosive Wave Conditions 
The question remains as to whether this model is capable of predicting the 
erosion and accretion pattern on a coarse-grained beach. For this objective the Mixed -
Test 10 will be used. The input parameters in the model will be kept the same wiih the 
previous Mixed - Test 1 case. However, the wave conditions and the water elevation will 
be changed accordingly based on the Mixed - Test 10 case. The still water level is also 
reduced to 3.4 m compared to its 4.7 m for the Mixed - Test 1 case. The experimental 
results have been discussed previously in Chapter 3. 
The result obtained from the numerical model is plotted in Figure 6.17 with the 
top panel showing the profile change and bottom panel the sediment balance. The BSS 
calculated is 0.34 which is not as good as the prediction for accretion on gravel beach but 
better than the prediction on the accretive profile of a mixed beach. Therefore, it has 
been shown here that, by varying the wave conditions, the model can get the beach to 
switch over from the accretionary phase into an erosive phase in accordance with the 
GWK laboratory observations. 
Figure 6.18 shows the sediment distribution across the profile. It was found that 
the sediment on the surface of the eroded area (shorewards of chainage 255 m) consists 
of finer sediment and the bar formed offshore consists of larger sediments. This sediment 
composition pattern was found to be opposite to the pattern obtained on accretive 
profiles of Mixed - Test 1. As no sediment samples were taken during this experiment, 
the comparison on the sediment composition pattern across the profile between 
simulations and experiments cannot be made. Therefore, with the similar parameter used 
139 
on the Mixed - Test 1, the model is now able to reproduce erosion as well as accretion 
on mixed beaches although the comparison with the measured profile is only good based 
on the BSS calculation. 
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Figure 6.17: Mixed - Test 10 result comparison after 500 waves (A^=0.003m/s): top -
beach profile evolution and; bottom - differential changes (measured profile - dashed 
red; model prediction - solid blue) 
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Figure 6.18: Mixed -test 10 result (K=0.003m/sy. sediment composition change after 
500 waves: (initial sediment composition - dotted grey) 
With reference to the earlier question, how the model with the similar input 
parameter now can predict erosion patterns? Figure 6.19 shows the velocity envelope for 
this simulation. The offshore velocitv' now is larger than the onshore velocit}'. This 
differs from the case illustrated in Figure 6.9 which shows the onshore velocity is 
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slightly larger than the offshore velocity for the Mixed - Test ] scenario. Therefore more 
sediment will moxe offshore than onshore. This is due to the different wave conditions 
between these t^ A'o tests. This means that with the higher waNes. the infiltration rate 
calculated now cannot fa\our onshore directed motion compare to the pre\ious wave 
conditions. 
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Figure 6.19: Velocity envelope obtained directly from NSW'E for 500 waves on mixed 
test 10(ii:=0.003m/s) 
This GWK experiment was run after several test cases and many thousands of 
waves over the mixed beach. Thus the originally homogeneous beach material must have 
been significantly reworked by this spectrum of experimental tests as the beach was not 
reshaped and remixed after each test. It is believed that because this experiment was run 
on a lower still water level than the accretion profile of mixed beach test, the fine 
sediment accumulated more in the lower part of the beach. However, because of the lack 
of data, it was necessary to assume that parameters such as the fiiction, fc and the 
permeability' rate. K value were kept the same as the initial mixed beach run to 
investigate the model capability. 
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However, to investigate the effects of sediment sorting, the affected area now 
consists of more fine grains and hence this will reduce the permeability. Therefore, the 
second test employed a slightly reduced value of K of 0.001 m/s. The other parameters 
were kept the same although the sediment composition might already change. The result 
obtained is really encouraging as shown in Figure 6.20 and Figure 6.21 with the 
calculated BSS of 0.78 which is classified as an excellent prediction. Now, the predicted 
beach profile becomes closer to the measured profile. 
It still questionable as to how the model can provide a better prediction on the 
erosive profile and not the accretion profile for this mixed beach test. It was found that 
the sediment balance in this case is nearly similar between the eroded volume and 
accreted volume. This could be because the fine sediments in this area have now filled 
up the void between the larger grains and reduced the imbalance sediment conservation 
compared to the earlier experiment. Therefore, the prediction can be as accurate as the 
unimodal Gravel - Test 1. 
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Figure 6.20: Mixed - Test 10 result comparison after 500 waves {K=0.00\m/sy. top -
beach profile evolution and; bottom - differential changes (measured profile - dashed 
red; model prediction - solid blue) 
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Figure 6.21: Mixed -test 10 result (Ar=0.001 m/s): sediment composition change after 
500 waves: (initial sediment composition - dotted grey) 
6.5 Summarj' 
In conclusion, the mixed beach profile change prediction in comparison to GWK 
experiments were not improved by the inclusion of the multiple sediment classes 
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approach. This may be due to many factors, such as the fact that the measured 
experimental profiles did not appear to conserve mass, and the manner in which the 
sediment samples were taken. However, the model is now able to predict the sediment 
distribution and sorting that occurs on mixed beaches. The sediment distribution patterns 
obtained from the model simulation agrees with the sediment distribution patterns 
obtained from samples analysis of the GWK experiments. The fine sediment is deposited 
seawards and coarse sediments deposited landwards on the berm. Therefore, the model 
now gives a good description of how the sediment is reworked and distribiited across the 
beach with the fine sediment moving offshore and the large sediment moving onshore on 
calm condition. As a result, the generative mechanism for formation and maintenance of 
composite beaches can be explained using this model. 
Although the accretive profile predictions are less accurate on the mixed beach 
experiments, the prediction for erosive conditions caused by storms is very good. The 
comparison made between the experimental observations and model simulation shows a 
good agreement for this erosion case. The velocity envelopes obtained from the model 
simulation explained why on smaller wave conditions (calm) the model predicts 
accretion and for larger wave conditions (storm) the model predicts erosion. This 
behaviour can be seen in the velocity skewness; offshore skewed means dominant 
offshore transport and onshore skewed means dominant onshore transport. However, the 
pattern of sediment distribution on the beach cannot be reproduced as no sediment 
samples were taken during the storm experiments. From this storm simulation, it was 
found that the largest grains move offshore and the fine grains move onshore. Therefore, 
the coarser sediment (gravel) deposits on the berm is believed to act as a reservoir of 
sediment during erosive storm condition. 
146 
CHAPTER 7: PRELIMINARY INVESTIGATION OF TIDAL SIMULATION ON 
COARSE-GItAINED BEACHES 
7.1 The Tidal Influence on Coarse Beach Morphology 
111 nature^ tides will affect the beach evolution. Along the coastline of England; 
the tide can be categorised as semidiurnal where two tide cycles occur in a day. Tides 
will not affect the overall shape and slope of the gravel beach profile but may determine 
the location of the berm profile on the beach face (Powell, 1990). Tides will also affect a 
greater portion of the beach face in comparison to the zone of active reworking under a 
constant water level. In the latter^ changes are concentrated around the mean water level, 
as presented in the previous chapters. The groundwater level is closely linked to the tidal 
elevation throughout flood and ebb tide especially on highly permeable beaches as 
presented in Austin and Masselink (2006b) based on their field Measurement at Slapton 
beach, UK. Tidal fluctuations will raise the groundwater elevation during flood tide and 
reduce the groundwater elevation during ebb tide. Therefore^ the groundwater level can 
be assumed as a continuation of the mean water level into the beach and to have the same 
elevation as the tide (Horn, 2006). These processes have been discussed in more details 
earlier in Chapter 2. 
In this model, the infiltration is taken into account if the area is unsaturated which 
is determined by the still water level. Therefore, it is important to determine the relative 
position of the water table to the tide elevation because of its relationship with the beach 
saturation. With the existence of tide, the modelling assumed that the water table and the 
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tree surface of the external water will be closely coupled by virtue of the relatively high 
permeability. That is, the unsaturated area on the beach will always follow the level of 
the surface water elevation, For this preliminary simulation, the beach profile and wave 
condition is taken similar to the GWK experiments. The difference is that the tide is 
included in the simulation. Therefore, the simulation represents a day and covers a 
complete semidiurnal tidal cycle. The tidal range used here is 2.5 m with the ebb at 3.2 m 
and the flood at 5 J m relative to the datum (Figilre 7.1). This corresponds to a typical 
meso-tidal excursion and was chosen to fit within the constraints of the limits of the 
experiment. The model will interpolate the elevation with respect to time between two 
input elevations. Table 7.1 shows the water elevation at every hour for the simulation. 
The preliminary investigations by with tidal cycling are presented on the next sub-
chapter. 
Time (hours) 
Figure 7.1: Tidal cycle 
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Table 7.1: Model input for hourly surface water elevation 
Time (Hours) 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Elevation (m) 
3.2 
3.35 
3.95 
4.6 
5.2 
5.6 
.5.7 
5.6 
5.2 
4.6 
3.95 
3.35 
3.2 
Time (Hours) 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Elevation (m) 
3.35 
3.95 
4.6 
5.2 
5.6 
5.7 
5.6 
5.2 
4.6 
3.95 
3.35 
3.2 
7.2 Tides oii a Gravel Beach 
The preliminary simulation presented here is based on Gravel - Test 1 with Hs = 
0.6 m, Tp = '2i2 s. The permeability rate and friction factor are kept at 0.02 m/s and 0.015 
respectively, as in previous simulations. The other input parameters were also set similar 
to the simulation under a constant water level as discussed in Chapter 5. Figure 7.2 
shows the result of tliis simulation. The figure shows that the affected area of the beacli 
for 'A d^y of semidiurnal tide simulation is around 25 m (chainage 248 m - 273 m). 
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However, under constant water level, the beach profile change is around 10 m which is 
between chainage 258 m and chainage 268 m (Figure 5,5 to 5.8 in Chapter 5). This result 
agrees with the result obtained in the laboratory experiments of Trim et al. (2002) which 
shows that the affected area is wider with tidal fluctuation than under constant water 
level. The location of the predicted berm was also in line with the Powell (1990) 
predictions: i.e. that the berm will be located above the high tide on the upper beach. The 
berm size is also found to be bigger in comparison to the berm with no tide as shown in 
Figure 5.8 (Chapter 5). Trim et al. (2002) also found that with tide the size of the berm is 
bigger. 
Figure 7.2 shows the 1^ ' flood and the 1*' ebb of the tidal cycle. Based on that, the 
sediment is eroded from the lower beach and carried fiirther up the beach as the surface 
water rises due to flood and the sediment is deposited on the upper beach. On the 2'"* 
flood (Figure 7.3) more sediment is carried into the upper beach and the size of the berm 
increases. On the 2"*^  ebb not much change was found, but still the sediment is carried up 
the slope (Figure 7.4). This also agrees with field observations of Horn and Mason 
(1994) which shows that the sediment transport rate varies throughout the tidal cycle, 
being greater during flood and lesser during ebb. Therefore, the berm will remain on the 
upper beach. 
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Figure 7.2: Tide simulation on gravel beach after 12 hours (Ar=0.02 m/s): initial profile 
dotted black: profile after 1^^ flood - dotted green: profile after 1^^ ebb - solid blue 
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Figure 7.3: Tide simulation on gravel beach after 18 hours (.^=0.02 m/s): initial profile -
nd dotted black: profile after 1 ebb - dotted blue: profile after 2 flood - solid red 
151 
260 265 
Chainage (m) 
280 
Figure 7.4: Tide simulation on gravel beach after 24 hours (X=0.02 m/'s): initial profile 
dotted black; profile after 2"'' flood - dotted red; profile after 2"*^  ebb - solid purple 
7.3 Tides on a Mixed Beach (Accretion) 
For the mixed beach simulation under accretionarv' conditions, the initial beach 
profile and wave conditions are taken as that of Mixed - Test 1 (//^ = 0.6 m, T^  = 3.2 s). 
Again, the simulation was run for 24 hours with the tidal cycle presented in Table 7.1. 
The permeability' rate and fiiction factor are kept the same as the mixed beach simulation 
in Chapter 6. i.e. 0.003 m/s and 0.01 respectively. The other input parameters are also 
kept the same. The beach profile change obtained from this simulation is shown in 
Figures 7.5 to 7.7 and the sediment sorting on the beach surface is shown in Figure 7.8. 
Based on Figure 7.5, on the 1^ ' flood, the sediment is carried up the slope and 
deposited on the upper beach to produce a berm. During the 1^ ' ebb some portion of the 
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sediment is deposited on the lower area to produce a small bar. On the 2"'' flood (Figure 
7.6). more sediment is carried up and deposited on the berm. During the 2"'* ebb (Figure 
7.7), the sediment is still moAing onshore. However, the sediment mo%'ement is small and 
the beach profile does not show many significant changes. Again, the affected area with 
the existence of tides is wider, which is about 30 m in comparison to the affected area 
under a constant water level which is only about 13 m as shown in Figure 6.12 
In comparison with the gravel results, the size of the berm is found to be smaller. 
This result is also similar to the result obtained under a constant water level where the 
size of the berm on a mixed beach is smaller than the berm on a gravel beach. This result 
also agrees with the field obsen'ation by Pontee et al. (2004) that if sand exists in the 
gravel mixture, both the permeabilit>' rate and deposition rate in the swash are reduced. 
260 265 
Chainage (m) 
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Figure 7.5: Tide simulation for accretion case on mixed beach after 12 hours iK=0.003 
m/s): initial profile - dotted black; profile after 1^ ' flood - dotted green; profile after 1^ ' 
ebb - solid blue 
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Figure 7.6: Tide simulation for accretion case on mixed beach after 18 hours (^=0.003 
m/s): initial profile - dotted black; profile after 1^ ' ebb - dotted blue; profile after 2"*^  
flood - solid red 
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Figure 7.7: Tide simulation for accretion case on mixed beach after 24 hours (A^=0.003 
m/s): initial profile - dotted black: profile after 2"'' flood - dotted red; profile after 2"'' 
ebb - solid purple 
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The effect of tide on sediment sorting is shown in Figure 7.8. The larger sized 
sediment is found to be moving onshore and frne sediment is moving offshore, as also 
obsened by Pontee et al. (2004) and Ivamy and Kench (2006) from their field 
experiments. However it seems that the model predicts mixing of all sediment fractions 
on the bar and berm area imder the effect of the tide, despite a more general tendency for 
the larger sediment to be deposited on the upper beach and finer sediment deposited on 
the lower beach. 
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Figure 7.8: Sediment sorting on mixed beach simulation (accretion case) after complete 
a day tidal cycle: initial sediment composition - dotted grey 
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7.4 Tides on a Mixed Beach (Erosion) 
For the simulation of profile erosion on a mixed beach, the Mixed - Test 1 profile 
is used with wave input similar to the erosion case presented in Chapter 6 where the 
wave height is 1.0 m and wave period is 4.1 s. The permeability rate, friction factor, 
porosity and other parameters are kept the same as the mixed beach test on accretion case 
shown in the previous sub-chapter. Therefore, the only difference is the wave conditions. 
The result of the beach profile change for the erosion case is shovra in Figure 7.9 
to Figure 7.11. On 1^ ' flood the upper beach is eroded and deposited around chainage 265 
m and on the 1st ebb the sediment is carried down and deposited below the low tide, 
around chainage 240 m to 250 m (Figure 7.9). Again, on the next flood the upper beach 
is eroded and deposited at around 265 m (Figure 7.10) and the sediment is carried down 
again during the 2"** ebb (Figure 7.11). Therefore, with the existence of tide, the beach is 
still eroding, similar to the results obtained under a constant water level (Chapter 6). 
However, the affected area is wider as expected. The sediment distribution after 
complete 24 hours simulation is shown in Figure 7.12. This time, the sediment 
distribution patterns appear less self-consistent, fluctuating between all the fractions. 
Only on the lower beach (around chainage 245 m), does it seem that finer sediment is 
clearly accumulating. 
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Figure 7.9: Tide simulation for erosion case on mixed beach after 12 hours (A^=0.003 
m/s): initial profile - dotted black: profile after 1^ ' flood - dotted green: profile after 1^ ' 
ebb - solid blue 
Figure 7.10: Tide simulation for erosion case on mixed beach after 18 hours (A^=0.003 
m/s): initial profile - dotted black: profile after 1^ ' ebb - dotted blue; profile after 2" 
flood - solid red 
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Figure 7.11: Tide simulation for erosion case on mixed beach after 24 hours (Ar=0.003 
m/s): initial profile - dotted black: profile after 2""^  flood - dotted red; profile after 2" 
ebb - solid purple 
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Figure 7.12; Sediment sorting on mixed beach simulation (erosion case) after complete a 
day tidal cycle: initial sediment composition - dotted grey 
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7.5 Summary 
In this chapter, preliminar}' investigations of the effect of the tidal cycle on 
coarse-grained beaches were presented. The initial profile, wave conditions and other 
input parameters were set similar to the cases of gravel and mixed beach simulation 
presented in Chapter 5 and Chapter 6. But here, the simulation is run for 24 hours with 
the tidal excursion included in the simulation. Overall, the results obtained were 
consistent with the case under a constant water level (Chapter 5 and Chapter 6). Under 
calm conditions, the expected berm profiles were predicted on both gravel and mixed 
beaches. The affected areas are wider than under a constant water level, and the berm 
was located on the upper beach during the flood as expected. For the mixed beach case, 
the larger sediment fraction accumulated on the upper beach and finer sediments 
accumulated on the lower beach. However, the sediment distribution pattern obtained 
from this simulation is not smooth and noisier compared to the previous simulations in 
Chapter 6. For the erosive case, the expected profile was also predicted with the upper 
beach eroded and a bar formed on the lower beach below the lowest tide. However, the 
sediments distribution pattern is less certain and more noisy. It is suggested that a further 
investigation is needed in the future to calibrate the model against a natural beach. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
8.1 Conclusions 
It should be emphasised here that the aim of this study was to develop a robust 
tool for studying and understanding beach profile changes on coarse-grained beaches. 
Coarse-grained beaches can be classified as gravel beaches or sand and gravel beaches^ 
Sand and gravel beaches can be identified in two categories; mixed - homogenous 
mixtures of sand and gravel, with some sorting across and along shore; composite -
characterised by a wide sandy low tide terrace and a steep gravel ridge. These types of 
beaches were known as natural coastal defences for protecting the backshore and 
hinterland from flooding. Thus it is important note that this study was under taken to 
predict and understand coarse-grained beach profile behaviour and evolution. 
From the literature, there are several factors that are important for 
morphodynamic evolution of coarse-grained beaches but less significant to sandy beach 
development. These include the following processes: infiltration and exfiltration which 
are related to the groundwater flows created within porous sediments; the extremely 
localised generation of turbulence generated by plunging breakers over a steep beach. 
The most influential process that differentiates between sand and coarse beaches is 
believed to be the permeability of the beach. Thus, this work focuses on the effect of 
infiltration, whilst the other factor's arei left for future investigations. The main sediment 
transport mode for coarse sediment is bed load while on a sandy beach, suspended load 
is also significant. Hence the numerical model adopts a suitable wave and current 
bedload formulation (Soulsby, 1997). With mixed beaches, the sediment fraction 
161 
distribution and sorting processes on the beach increase the complexity of this type of 
sedimentary environment in comparison to sandy beaches. Therefore, this study has also 
considered sediment partitioning and tracking. 
The numerical model modified for use in this study is based on the XBeach vl2 
model. The model is used because of its robustness, flexibility and numerical stability, 
whilst still providing accurate results within a reasonable computational time. This has 
been proven to be applicable for predicting feandy dune erosion as shown by several 
researchers (e.g. Roelvink et al. 2009, Van Dongeren et al. 2009, and McCall et al. 
2010). However, its applicability on prediction of coarse-grained beach profile evolution 
is still arguable (Ruiz de Alegria-Arzaburu et al., 2010). Indeed, despite the release of a 
newer version (XBeach vl8), the study here is believed to be the first that focuses on 
rnodelling of large scale experiments that show both accretion and erosion phases on 
coarse-grained beaches. The latest version of XBeach (vl8) now includes parallel 
processing to reduce simulation time and a groundwater flow module to simulate 
in/exfiltration on the beach. However, the model is still not able to predict an 
accretionary profile and over-estimates the erosion profile prediction on the Slapton 
beach, UK (Ruiz de Alegria-Arzaburu et al., 2010). This is possibly due to the fact that 
this version still uses the Eulerian velocity representation to drive sediment movement 
and also the fact that the sediment transport formulation used is not suitable for the 
motion of coarse material. 
It was shown in the Chapter 3 that the unmodified XBeach model does not move 
sufficient sediment to affect a suitable magnitude of profile evolution on a gravel beach. 
Furthermore, the profile evolution shows only erosion, opposite to the anticipated and 
experimentally observed accretionary profile change. This occurs because XBeach 
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generates a high return flow on steep beaches which can be seen in the velocity profile 
envelope obtained during simulation. In part, this can be viewed as a consequence of the 
use of the Eulerian velocity to drive the sediment transport in the model. The Eulerian 
velocity is obtained from the Lagrangian velocity calculated by the NSWE model with 
deduction of the Stokes drift. This is good for effecting dune erosion on shallow gradient 
sand beaches, but over exaggerates the offshore velocity on steep beaches. As a result, 
offshore sediment transport is encouraged and the expected accretion on the upper beach 
will be impossible to obtain. 
Therefore, several improvements were made to make the model capable of 
predicting coarse-grained beach profile evolution: 
• The improved model made use of the Lagrangian velocity obtained from the 
NSWE to drive the sediment on the beach as also implemented in Tang et al. 
(2009) and Nam et al. (2009). The result obtained shows that a more symmetric 
velocity profile envelope was obtained compare to a very offshore skewed 
velocity profile obtained from the original model. However, the sediment 
movement is suppressed after this modification as the flow velocity now is lower 
than the critical threshold velocity for gravel. 
• A more relevant sediment transport module is implemented in the model to 
accommodate transport of coarse material. This was Soulsby's sediment transport 
equation for waves and currents (Soulsby, 1997). As a result, the beach profile 
change is now more comparable with observations in its magnitude. However^ 
the prediction of sediment movement is still opposite to that expected, where a 
bar was produced instead of a berm. This is due to the fact that although the 
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onshore and offshore velocities are now nearly symmetrical, to move the 
sediment up the beach, a higher onshore velocity is needed than that moving the 
sediment down the beach. 
• A pragmatic approach for infiltration is introduced in the model from the effects 
of beach permeability. The higher the permeability rate, K (m/s), the higher the 
infiltration into the unsaturated area of the beach. The approach used in the model 
is based on that introduced by Packwood (1983). This has been suggested for 
application on gentle beaches. However, it is still applicable on steep beaches as 
shown by the beach cusp predictions obtained by Dodd et al. (2008). Thus, this 
approach was adopted in this study. 
• As a result, the model is now capable of predicting beach profile change on steep 
gravel beaches although some of the model assumptions are not suitable for 
gravel beaches particularly the assumption of Darcian flow. It was found that as 
the infiltration took place in the model, the backwash is weakened, in agreement 
with several previous studies (e.g. Packwood 1983, Masselink and Li, 2001). 
This is due to the reduction of backwash volume as the swash lens is absorbed by 
the beachface. Hence the offshore velocity is smaller and the velocity envelope is 
now skewed onshore. This process also reduces the run up height on the beach. 
However, the infiltration rate will depends on the permeability rate, K 
approximation used in the model. For the case of the gravel beach of the GWK 
experiment, the suitable value for K is 0.02 m/s. It is believed that this value 
could be lower than the expected K value as the model only considers infiltration 
process and no exfilfration. 
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• The comparison made on the GWK gravel experiment showed that this model 
predict beach profile evolution better than the prediction obtained by Pedrozo-
Acufia et al. (2006, 2007) and provides a better description of the effects of 
infiltration on gravel beach evolution from the modelling perspective. The beach 
profile change predictions are also closer to the rneasured profiles from the GWK 
experiment and classified as excellent predictions according to the Brier Skills 
Score model fitness values (BSS). 
• For the case of mixed beaches, a multiple sediment fractions module is 
introduced. Modelling sedirnent fractions individually allows numerical sediment 
sorting which determines the time-varying composition of the modelled sediment 
mixture. A Hiding-Exposure (HE) factor is incorporated in the model. Howeverj 
modelling multiple sediment fr&ctions increases the simulation time compared to 
a single sediment fraction. A sediment tracking and sorting algorithm is used to 
track each sediment class movement on the beach surface within an active layer. 
• For mixed beaches the K value used in the simulation is lower than the pure 
gravel beach test as the sand fraction fills the interstices of the larger grains arid 
reduces the permeability. It was found that the suitable K value is 0.003 m/s for 
this case. 
• It has been demonstrated that the larger sediment is found to accumulate on the 
beach crest above the SWL and finer sediment deposited offshore on the eroded 
part of the beach as expected. This helps to explain and demonstrate the genesis 
of composite beaches, which it is not believed to have been shown before through 
numerical studies. 
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• However, comparisons made with the GWK mixed beach profile evolution are 
not encouraging. There could be several reasons for this. These include: the 
accuracy and limitation of the model; experimental errors; the effects of 
compaction and settlement of sediment over the beach under wave action. In 
particular a shortcoming of the experimental work is clear. The deposition 
volume was about 50% less than the eroded volume from the experimental work, 
caused by a number of the above factors (including cross tank movement of 
sediment under longer waves). Therefore, in hindsight, a good agreement 
between the model and experiment was difficult to achieve. Unfortunately, no 
other known suitable experimental data are currently available. 
• Nevertheless the model demonstrates several useful features that aid 
understanding of mixed beach evolution, such as the effects of infiltration and 
sediment sorting, even if the predictions have not been quantitatively validated. 
• The model is not only capable of predicting beach accretion, but with higher 
incident wave conditions and similar beach and model parameters, the model can 
also predict erosive behaviour. Thus, the comparison made with the GWK 
experiment showed an encouraging result. This is understood to be due to the fact 
that the infiltration which favours onshore sediment movement is now unable to 
maintain its effects when longer period storm waves attack the beach. This, then 
enhances the backwash volume and velocity. 
The robustness of the model now allows longer simulations to be performed and 
the effects of tidal excursion to be investigated. Tides will influence water table levels 
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and thus will dictate the effects of infiltration. However^ only preliminary investigations 
were conducted in this study. The model was run for 24 hours on a semidiurnal tide with 
range of 2;5 m (low tide = 3.2 m and high tide = 5.7 m). The initial beach profile and 
wave conditions used for gravel and mixed beaches are based on the GWK experiment; 
All the other model parameters such as permeability rate, friction factor and porosity are 
kept similar to those under the constant water level simulation presented in Chapter 5 
and Chapter 6. The simulation results obtained can be summarised as below: 
• On a gravel beach, the model predictions showed that the sediment is 
accumulated on the upper part of the beach on flood to produce berm. The 
sediment is carried up the slope during the flood tide and deposited there. This 
proflle can be seen to have a similar pattern to the beach profile under constant 
water level, but spread over a wider region. The results obtained here agree with 
the several observations from laboratory experiments (Trim et al, 2002) and field 
experiments (Powell, 1990; Horn and Mason, 1994) in terms of the affected area, 
the rate of sediment transport (during flood and ebb) and the berm location. 
• On a mixed beach, the berai profile is also produced as expected. Overall^ the 
large sediment is deposited on the upper part of the beach and the fine sediment 
accumulated on the lower part of the beach although the sediment distribution 
showed a lot of uncertain fluctuations. Again, the affected area is wider in 
comparison to non-tidal simulations. The berm size is also found to be smaller 
than the berm size on the gravel beach. The profile and sediment distribution 
patterns obtained are in line with the field observations by Pontee et al. (2004) 
and Ivamy and Kench (2006). 
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• For erosive conditions, the model was also able to predict an erosion profile as 
expected. The simulation results showed that the upper beach was eroded during 
floods and the sediments carried down the slope as the tides lowering and 
deposited on the lower part of the beach to produce a bar. However, the sediment 
distribution patterns appear noisy and fluctuating for all tractions. 
Other processes believed to be significant but not yet encapsulated in this study 
are the effects of violently plunging breakers on sediment transport. As the beach 
becomes steeper, the waves will break near to the bed and the sediment on the bed will 
feel the impact from the plunging breaker hence this will stir the sediment on the bed. 
In summary, a variant of the XBeach model was derived for use on steep coarse-
grained beaches with the following modifications on the XBeach vl2 model: 
I. Use of the Lagrangian velocity in place of the Eulerian velocity in sediment 
transport calculations 
11. Introduction of a more appropriate sediment transport formulation in the 
morphological module 
III. Inclusion of swash infiltration in the NS WE module 
IV. Implementation of a shear stress correction and Hiding-Exposure (HE) function 
for multiple sediment classes approach for mixed beaches 
V. Algorithm for a multiple fi-action sediment tracking and bed updating module for 
mixed beaches 
As a conclusion, the swash infiltration is a critically significant process that needs 
to be included in numerical models to make them applicable to coarse-grained beaches 
evolution prediction. A suitable sediment transport equation is also needed so that the 
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magnitude of the sediment motion is appropriate. Then, to be able to explain sediment 
sorting on mixed beaches, a multi-fractional sediment algorithm needs to be 
implemented. 
8.2 Future Work Recommendation 
The importance of infiltration process in the numerical modelling of coarse-
grained beaches has been clearly shown from the results obtained in this study. However, 
a fully coupled (or semi coupled) groundwater model is not incorporated in the modeL 
This might determine the position of unsaturated region on the beach, although current 
work shows it is appropriate to predict such beach profile development with only 
inclusion of infiltration. Therefore, a more detailed model with inclusion of groundwater 
flow can be considered in the future, although this will increase the risk of numerical 
instability and the computational intensity. 
1 
It was shown that the morphological changes observed in coarse-grained beaches 
with steep slopes are not only due to the velocity asymmetry from the effect of 
infiltration alone. The necessity to investigate the role of bore collapse as a sediment 
stirring factor is clear from the literature review and also numerical results obtained. This 
enhances the sediment transport and erosion close to the breaking point, as observed 
from the profile obtained at the GWK experiment. Further improvements to the 
numerical model should consider the relative importance of the suggested breaking wave 
and it associated bore turbulence. Such work may be directed to finding a suitable 
parameterisation, or incorporating an analytical treatment. 
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The dataset for the multiple sediment classes comparisons were not satisfactory 
as the sediment volume measured in the experiments were no conserved. Also the 
sediment mixture was not well graded which can be categorised as bimodal sediment. 
This fine sediment can infiltrate deeper inside the beach between the gravels and make it 
difficult for measurement and modelling purposes. Therefore, it is recommended that the 
model be validated against a good dataset before making fiirther changes to this 
particular part of the model, beginning with a well graded mixed sediment (mixed beach) 
and then extended to the bimodal mixed sediment (composite beach). 
Currently, the numerical model is not calibrated and validated against a field 
dataset. However, preliminary investigations on the model's ability to simulate tides 
were made and the results obtained were encouraging. Therefore, in the fiiture it is 
suggested that this model should be validated against a field experiment. This should 
also comprise a comparison and exploration of the impact of gravel beaches, mixed 
beaches and composite beaches in a tidal environment. 
Finally, the numerical model is found to be a useful tool for engineering 
application on predicting coarse-grained beach profile development. However, a suitable 
dataset is needed for model calibration and identifying its applicability. In the future, 
with fiirther enhancement of these types of models, it will be possible for coastal 
engineers to use these as a tool for assessment on different beaches ahd scenarios such as 
designing coastal structures and natural defences to control erosion problems and 
backshore Irom flooding. 
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APPENDIX - Description of Morphodynamic Model: XBeach 
Much of what follows can be found in Roelvink et al. (2009) and Van Thiel de 
Vries (2009). However, this appendix is included for completeness and to indicate which 
part of the model have been updated or added to by the thesis author. 
XBeach is a 2DH numerical model developed to simulate sandy beach and dune 
evolution. The XBeach make the computational x-axis to be always oriented towards the 
coast, approximately perpendicular to the shoreline, and the y-axis is alongshore as 
shown in Figure A.l. This coordinate system is defined relative to world coordinates 
(xw,yw) through the origin (xori,yori) and the orientation a,,, defined counter-clockwise 
with respect to the x^-axis (East). The grid applied in x- and y-direction is rectilinear and 
staggered grid where bed levels, water levels and water depths are defined in cell centres. 
While velocities and sediment transport rates are defined at the grid points. 
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Figu re A. 1: Coordinate system 
Hydrodynamics Models 
The hydrodynamics model of XBeach mainly consists of two parts which are the 
wave equations and the flow equations. The Wave Action Balance Equation (WABE) is 
used for wave propagation and the Non-linear Shallow Water Equation (NSWE) is 
employed to describe flow and currents. The WABE and roller equations comprise the 
wave module of XBeach and the only module taken from the XBeach without any 
changes to be used in this study. 
191 
Short Waves 
The wave forcing in the non-linear shallow water equation (NSWE) is obtained 
from a time dependent wave action balance equation (WABE). The directional 
distribution of the action density is taken into account whereas the frequency spectrum is 
represented by a single characteristic mean frequency. The governing equation for time 
varying wave action is given in a conservative form as presented by Roelvink et al. 
(2009): 
dA dc^A dc A dc A i ) 
+ ^ - + ^^ + — 5 ^ = : ^ (A.l) 
dt dx dy d(p o 
where, t is the time, o is the intrinsic wave frequency, and (p is the angle of wave 
propagation direction with respect to x-axis. Cx and Cy are the wave speeds in the x and y 
direction respectively while c^ is the propagation speed in directional space. A^ is the 
wave dissipation and A is the wave action given by: 
A^^ (A.2) 
a 
where, S^ represents the wave energy density in each directional bin. The intrinsic wave 
frequency, a is obtained from linear dispersion relationship as below: 
o^yjgkXanhkh (A.3) 
where, h is the water depth, k is the wave number and g is acceleration due to gravity. 
The wave action propagation speeds in x and y direction are given by: 
c^ = CgCbos((j!)) (A.4) 
c^ = c^ttin((io) (A.5) 
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where, Cg is the wave group velocity. The propagation speed in the direction of (p space is 
given by: 
'' sinh 2kh 
^dh . dh ^ 
—-sin^ cos^ 
ydx dy J 
(A.6) 
The wave group velocity is obtained from linear wave theory: 
kh 
Co =1 - + ^ 
* ' 2 sinh2;t/7; 
"k 
(A.7) 
The total wave dissipation due to wave breaking is modelled according to Roelvink 
(1993): 
D = 2a fE^ P, (A.8) 
where, y^ ep is the representative intrinsic frequency, a^  is the calibration factor, E^ is the 
short wave energy and Pi, is the fraction of breaking waves; The wave energy is 
represented by: 
E =-pgH 2 
rms (A.9) 
where, Hrms is the root mean squared of wave heights The fraction of breaking waves is 
given by: 
P, = l - e x p r//„ 
\ Xh J 
(A. 10) 
where; X (value between 1-10) and N (default value is 10) are calibration factors: Then^ 
the total wave dissipation is distributed proportionally over the wave directions as below: 
D =-^D (A. 11) 
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From the spatial distribution of the wave action the radiation stress can be calculated: 
5„.. = i ^ l + cos'(p)-^SJcp (A.12) 
^c I) 
•^ .v.H. ='^; . = Jsin<pcos(iP dip (A. 13) 
^yy-^' - j [ 7 ( l + s i n > ) - | j s , J < p (A.14) 
Surface Rollers 
The roller energy balance is coupled to the WABE where dissipation of the short 
wave energy serves as a source term for the roller energy balance. The roller model is 
used to represent momentum stored in surface rollers which cause a shoreward shift 
wave force. Similar to the WABE, the directional distribution of the roller energy is 
taken into account whereas the frequency spectrum is represented by a single mean 
characteristic frequency. The roller energy balance is given by: 
dt dx dy d(p 
where, Sr representing the roller energy in each directional bin and Dr is the roller 
dissipation. The roller energy propagation speeds in x- and y-direction are given by: 
c^ -dl,os{(p) (A. 16) 
c^=c[iin((p) (A. 17) 
where, c is the phase velocity/celerity. The propagation speed in (p space is obtained 
from: 
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c„ = 
<T 
'' sinh 2kh 
fdh . dh \ 
—sin<j5 cos^ 
dx dy ^ 
(A. 18) 
Here, the model assumed that the waves and rollers propagate in the same 
direction. The phase velocity is obtained from linear wave theory: 
c = | (A. 19) 
Next, the total roller energy dissif)ation is calculated by (Deigaard, 1993): 
^^ " ^^' (A.20) 
where, r^  represent the shear stress induced by the roller at the surface (Svendsen, 
1984): 
r.=^P. (A.21) 
where, Ar is the roller area, Lr is the roller length and ^ ^ is the slope of the breaking wave 
front. The roller area is related to the roller energy trough given by: 
E^=^P^ (A.22) 
2 L 
• r 
Then, the total roller energy dissipation is distributed proportionally over the wave 
directions: 
D,=^D, (A.23) 
E, 
The roller also affects the wave forcing and therefore included in the radiation 
stress terms: 
5'„.r = jcos' (pS^d<p (A.24) 
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S.y,r ^Syx.r = \sm(p COS (pS^d(p (A.25) 
(A.26) 
These roller radiation stresses contribution are added to the wave-induced 
radiation stresses to calculate the wave forcing: 
F=- ( ^S^^^ + S„_r_ ^ ^^xy.^ + Sxy.r ^ 
dx dy 
(A.27) 
p-y — 
dS,y..+S.y, , 9S^+S^ 
dx 
• + 
dy 
(A.28) 
Long Wave (Depth-Averaged Flow) 
The long wave or flow in XBeach model is computed by using a depth-averaged 
2DH Non-linear Shallow Water Equation (NSWE). The wave forcing terms in the 
NSWE are obtained from the wave and roller equations. The general equations of the 
NSWE are the continuity and the momentum equations; the continuity equation is: 
dri dhu dhv 
• + • 
dt dx dy 
= 0 (A.29) 
And the momentum equations are: 
du du du 
— + it hv D^ 
dt dx dy 
2 , . A fd-u d\i 
— 7 + —1 dx- dy^ 
^hx 
ph dx ph 
(A.30) 
dv dv dv f d'v d v 
— + u hv o,A —7 + —7 
dt dx dy [dx' dy' ph dy ph 
(A.31) 
where u and v are velocity in x and y direction, Vh is horizontal viscosity, / is time, p is 
the density of water, h is water depth , Tbx and % are the bed shear stresses, g is the 
acceleration of gravity, rj is the water level and Fx and Fy are the wave^induced stresses. 
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The eddy viscosity is assumed to be related to the wave breaking and is 
represented as: 
(D V 
{P J 
(A.32) 
With/,, is the viscosity coefficient, normally taken as 1.0 and Dr is the dissipation due to 
the effect of surface roller. 
In the XBeach, the Eulerian frame velocities (ug and VE) are used to drive the 
sediment movement calculated from the Lagrangian velocities {u and v) obtained from 
NSWE. This is done to account for the wave induced mass-flux and the subsequent 
return flow. Equation A.33 and A.34 shows how the approximation is implemented in 
the model; 
Up=u-Us v^ = V - v ^ (A.33) 
E^coscp £",., sin<p 
Us = " , V, = , (A.34) 
phc pnc 
where, Us and v^  are the Stokes drift in x andy direction respectively (PhillipSj 1977) arid 
c is the wave celerity. The wave-group varying short wave energy, Ew arid direction, cp 
are obtained from the wave-action balance (WABE). 
Sediment Transport and Morphology 
The sediment transport is modelled by using a depth-averaged advection diffusion 
equation (Gallapatti, 1983): 
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dhC dhCu, dhCv. 
dt. 
• + -
dx 
• + • • + • 
dy dx _ 
r^.5ci 
D,h— 
dx 
a 
+— dy 
r^, dC] 
D,h—: L ^ J 
hC^,-hC (A.35) 
where, C represents the depth-averaged sediment concentration, DH is the sediment 
diffusion coefficient, Ts is the adaptation time for entrainment of the sediment and Ceq, is 
the equilibrium sediment concentration which represents the source term in the sediment 
transport equation. 
The adaptation time Ts, is given by a simple approximation based on the local 
water depth, h, sediment fall velocity w :^ 
A 
T = max 0.05—,0.2 
w.. 
(A36) 
Where a small value of Ts corresponds to nearly instantaneous sediment response. The 
sediment diffiision coefficient is expressed by: 
A = /.m-tJ/, (A.37) 
where, yv^ c is calibration factor (default value is 1.0) and o/, is the horizontal viscosity as 
in equationn A.32. 
The equilibrium sediment concentration is calculated from the sediment transport 
formulation of Soulsby-van Rijn which is suitable for sediment with diameter less than 2 
mm (Soulsby, 1997). The formula for equilibrium concentration, Q^ is then given by; 
''~ h 
2 \ 0.5 
v2.4 
IM J'+0.018 
C -".. d J 
(A.38) 
where, Asb and Ass are the bed load arid suspended load fianctipns (for details, see Soulsby 
(1997)), Q is the drag coefficient, Ucr is the critical threshold velocity, and Urms is the root 
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mean square of the near bed wave orbital velocity^ The combined mean/infragravity and 
orbital velocity have to exceed a tliieshold value, Ucr, before sediment is set in motion 
Then the sediinent transport rate, Qh in x and y directions are given by: 
Qi,Ax,y,() = 
Q,^y{x,y,t) = 
dhCUf, 
dx 
dhCv^ 
dy 
d_ 
dx 
dy 
D,h 
D„h 
dC_ 
dx 
5C 
dy 
(A.39) 
(A.40) 
The bed-updating is discussed next. Based on the gradients in the sediment 
transport the bed level changes according to: 
dz, • / .„ . , (dQ,.dQ,_^, 
• + 
dt {\-n)\ dx dy = 0 
(A.41) 
where, n is the porosity,y^„;7, is a morphological acceleration factor (1-10) (Reniers et al.j 2004) 
Avalanching is introduced to account for slumping of sand when the beach slope 
change exceeds the critical slope, mc/. 
dz. 
dx 
> OT, (A.42) 
Then, the bed level is updated again based on this avalanching criterion: 
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Boundary Conditions 
On the offshore boundary, the wave and flow are imposed. The time series of 
wave group varying energy are generated from a wave spectrum prescribed by user. A 
number of wave boundary conditions can be specified at the offshore boundary. 
However, in this thesis, only the JONSWAP spectrum is used. The spectrurn is 
determined by the wave height, peak period, mean angle and directional spreading. The 
model also allows the existing spectrum created to be reused. Therefore, comparison for 
several simulations can be made with similar waves. At the bay-side or onshore 
boundary, an absorbing boundary condition is implemented (see Van Dongeren and 
Svendsen, 1997 for more details). However, the model also allows for a simple no flux 
boundary condition in case of a wall boundary on the coastline. At the lateral boundary, 
the alongshore gradient of wave energy, water level and concentration are set to zero 
(Neumann boundary). The bed level gradient is also assumed to be zero on both lateral 
boundaries. 
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